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NEW POLICIES FOR GENETICS 
Effective with Volume 45, 1960 


1. GENETICS will be changed from a bimonthly to a monthly journal. 

2. The annual volume of the journal will include a minimum of 1,000 pages. 
The Editors expect to include enough additional pages to print all acceptable 
manuscripts if funds are available. 

3. The subscription rate will be $12.00 for a complete volume (January- 
December). Foreign postage will be $1.00 extra. Single copies will cost $1.50. 

4. Contributions to GENETICS may be in the field of genetics proper, or in 
any related scientific field if the work reported is primarily of interest to geneti- 
cists. 

An author is expected to submit to the Editors two typewritten copies of a 
manuscript, including an original typed copy. Manuscripts must be double spaced 
throughout, including the footnotes, tabular material, legends and Literature 
Cited. 

5. Each paper published will show the date that the manuscript was received 
at the Editorial Office. Ordinarily, papers will appear in print in the order they 
were received as manuscripts, but manuscripts will be classified according to 
whether they are short or long and the two will be processed on different printing 
schedules. 

a) Short papers are those which are no more than four printed pages in length, 
including tables and figures. They must conform to the standards and to the 
general usage in GENETICS, and wiil be reviewed for quality and scientific merit. 
Every effort will be made to publish short papers at an accelerated rate. Hence 
they may appear out of order of date of receipt in comparison to long papers. If a 
paper is more than four printed pages in length, it will be treated as a long paper 
in the printing schedule. 

b) Long papers are those which are longer than four and up to a maximum of 
20 printed pages including tables and figures. They will be accepted for printing 
as in the past. Each monthly issue of the journal will include both long and short 
papers. 

Papers longer than 20 printed pages will not be accepted for printing except 
by special vote of the Editorial Board. The author will be expected to pay the 
costs for printing and handling the extra pages. The additional pages will increase 
the length of the volume rather than replace another paper. An author who sub- 
mits a long paper can expect a delay in printing of the paper because of the extra 
time needed for processing by the reviewers, the Board, and the Editors. 

6. In order to help us expedite the printing schedule, an author should prepare 
his manuscript according to the following instructions. Failure to do so can lead 
to delay of appearance of the paper in print and may result in charges against 
the author for extra printing costs. 


Second Printing 1969 / University of Texas Printing Division, Austin 
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a) Manuscripts must conform to the general usage in GENETICS, particularly 
in regard to references to literature, arrangement of Literature Cited, and in- 
clusion of a Summary. 

b) A gene symbol should be defined or identified with the mutant character 
the first time the symbol is used in a manuscript. 

c) Excessive footnotes are to be avoided. Footnotes to text statements may be 
included in the text (parenthetically if necessary). 

d) Tables must be typewritten on separate pages with double spacing through- 
out, and must be arranged to conform to journal page size (5 x 7%). 

A table should include title, column headings, and footnotes in accordance with 
general usage. The author is expected to send a copy of the tables in form such 
that the printer can understand how to set the headings and the body of the table. 
A table that can be fitted only lengthwise on a page and that fills only a part of 
the page cannot be accepted. 

Very complex tables, such as those using headings that cannot be set in type 
or using many symbols, can be accepted only if the author includes a reproducible 
photograph which can be reduced to page size. 

An author should be guided by reasonableness as to the number of tables and 
amount of tabular material he submits. He may be requested to delete some of 
the material if that seems advisable. 

Reference tables with a large amount of detailed data will not be printed. How- 
ever, any extensive tabular material that cannot be printed will, on request, be 
kept on file at the editorial office, provided two copies are furnished by the author. 
A footnote to a text table based upon the material in the reference table can be 
used to refer to the information kept on file. 

e) Legends for figures must be typewritten and double spaced on separate pages. 

Material for figures should be original drawings. Illustrations should be 
mounted in final form for engraving. Clear photographs of line drawings usually 
are satisfactory. Figures should be prepared so that they will be legible after being 
reduced to a size to fit the printed page. Photographs and drawings substantially 
larger than a typewritten page are likely to be damaged in the mail and should 
not be sent to the Editors. Reviewing of the manuscript is facilitated if photo- 
graphic copies of the figures are included. 

f) Drawings, mating-type charts, chemical structural formulas, and other 
sketches or complex charts made on typewritten pages cannot be accepted unless 
a photograph acceptable for engraving is included. The illustration which is 
photographed must be legible and understandable to the reader. It is preferable 
to treat the illustration or chart as a figure because it may not be feasible to include 
it on the printed page exactly at the place referred to in the text. 

g) Complex mathematical formulas are preferred in the form of reproducible 
photographs. If a formula is received in typewritten form, the author must assume 
responsibility for its accuracy, including differentiation between letters and 
numbers where misinterpretations might be made (such as the typed letter | 
and the number 1). An author who sends a typewritten formula which is illegible 
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or in which the arrangement of the symbols or the intention of the author cannot 
be readily determined, will be asked to pay for the extra printing costs when 
corrections in galley proof are made. 

Data which are used in the text in semitabular form should be prepared as a 
regular table unless it is permissible to put part of the material at the bottom of 
one page and the other part at the top of the next page without duplicating 
column headings. 

7. An author will be expected to pay all extra costs for printing and handling 
of a manuscript which are made necessary by any of the following conditions: 
changes in galley proof not due to printer’s errors; extra pages (more than 20 
printed pages) when accepted; changes made necessary after type has been set 
because the printer could not interpret the intention of the author due to illegi- 
bility of the manuscript, inadequately marked or poorly prepared copy of mathe- 
matical formulas or symbols, or inadequately organized tables; and preparation 
of drawings for photographing of charts, chemical formulas and sketches when 
the author sends copy only on the typewritten pages. 

8. The Galton and Mendel Memorial Fund established in 1923 from donations 
of biologists and other persons interested in the progress of biological discovery 
is available to be applied toward the cost of reproducing illustrations and of print- 
ing expensive tables and formulae. 

9. The manuscript of a published paper will not be returned unless the author 
so requests. 

10. Galley proofs will be sent to authors but page proofs will not be sent. 
Authors should leave forwarding directions whenever they are away from the 
address sent with the manuscript or should make other arrangements to have 
the galleys corrected promptly. Send corrected galley proofs to the Editors. 

11. Reprints are to be ordered directly from the Editors at the time galley proof 
is returned to the Editors. The author will be billed in accordance with a schedule 
of charges which represents the costs for printing and handling. Copies of the 
schedule will be available from the Editors. 

12. Manuscripts and correspondence should be addressed to the Editors of 
Genetics, Experimental Science Building 122, University of Texas, Austin 12, 
Texas. 








ASPECTS OF ASYNAPSIS IN PLANTS. I. RANDOM AND 
NON RANDOM CHROMOSOME ASSOCIATIONS 


M. S. SWAMINATHAN anp B. R. MURTY! 
Indian Agricultural Research Institute, New Delhi, India 


Received December 15, 1958 


PR scuaing the course of a cytogenetic study of some derivatives of a cross be- 
tween Nicotiana tabacum and N. rustica, the population was found to vary in 
the extent of chromosome synapsis occurring during meiosis in microsporocytes. 
A detailed cytological study was therefore undertaken in this population and 
plants showing normal pairing, partial asynapsis and complete asynapsis were 
isolated. In the progenies of partially asynaptic plants segregation occurred for 
the extent of synapsis, thereby indicating that the character is genetic. The data 
from the analysis of chromosome pairing were subjected to Poisson and binomial 
analyses to see whether any particular pattern of pairing occurs in this allotetra- 
ploid material. Such a study revealed some interesting information and hence the 
Poisson analysis was extended to all reported cases of asynapsis and desynapsis, 
where detailed data are available. The results are presented in this paper. 


MATERIAL AND METHODS 


Seeds belonging to the second segregating generation of the sixth backcross of 
F, N. rustica x N. tabacum to N. rustica were obtained through the kind courtesy 
of Dr. Haron H. Smiru of the Cornell University. The material belonged to two 
families, 55379 and 55380, and were grown in the field during 1955-56, along 
with normal N. rustica and N. tabacum. F; generation was grown during 1956— 
57. For the study of microsporogenesis, preparations were made by the Propiono- 
carmine schedule (SwAMINATHAN et al. 1954). Fixations were carried out from 
different plants on the same day and in many cases, several fixations were done 
from the same plant at regular intervals. Estimation of pollen fertility was based 
on stainability in acetocarmine as well as by functionability as revealed by data 
on seed setting. For testing for goodness of fit for Po:sson or binomial distributions, 
classes with expected frequencies of less than five were grouped to make up this 
minimum number, Poisson analysis being applied to plants with low bivalent 
frequency and binomial analysis for those cases with a proportion 0.1 or more of 
the normal bivalent frequency. 

The two fractions of the binomial distribution are the proportion (p) of the ob- 
served bivalent frequency to the potential frequency of bivalents and (1-p). Tests 
for truncated Poisson distribution were made as per the procedure of Rao and 
CHAKRAVARTHY (1956). 


1 Present address: Dept. of Plant Breeding, Cornell University, Ithaca, N.Y. 
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RESULTS 


Meiosis in asynaptic plants: A rapid examination of pollen fertility in the 
rustica-tabacum population showed that fertility ranged from three to 70 percent. 
Chromosome associations at diakinesis and metaphase I of meiosis were studied 
in 23 plants, which showed that the plants with nearly complete pollen sterility 
were asynaptic (0 to 4 bivalents per cell) and that the plants with 80 to 90 percent 
pollen sterility were partially asynaptic (5-18 bivalents). The number of plants 
observed under each category in the population is shown below. 


Partially Completely 
Family Normal asynaptic asynaptic Total 
(22-24 IT) (5-18 IT) 
55379 6 1 —- 7 
55380 11 2 3 16 


As the occurrence of univalents at diakinesis and M I could be due to the failure 
of initial pachytene association (asynapsis) as well as to a precocious terminaliza- 
tion of chiasmata followed by slipping of chiasmata after a normal pachytene 
pairing (desynapsis), pachytene stages were studied in two plants in which there 
was no pairing at diakinesis and M I. No pairing occurred at this stage and conse- 
quently the plants fall into the asynaptic category. In partially asynaptic plants, 
however, it was difficult to ascertain precisely the frequency of univalents occur- 
ring at pachytene, though several unpaired chromosomes could be observed. 

A detailed comparative study was made of meiosis in two plants of each of the 
three types, i.e., with normal pairing, partial asynapsis and complete asyn- 
apsis. All fixations were made on the same day. The data are given in Tables 1, 2 
and 3 (see also Figures 1 and 2). There were no detectable morphological differ- 
ences among these plants. Two bivalents were found to be attached to the nucle- 
olus in the normal synaptic plants. In asynaptic plants, either one bivalent or one 
to three univalents were found to be associated with the nucleolus. The nucleolus 
was also comparatively weakly stained in the asynaptic plants. At metaphase I, 
there was a greater degree of stickiness among chromosomes in normal plants in 


TABLE 1 


Chromosome associations at diakinesis 











Mean no. of configurations with Xta/cell 
Family and No. of Mean no. of 

plant no cells 0 1 2 3 Xta per cell Remarks 
55379; 

28/1 and 2 45 0.27 1.18 19.17 3.55 50.07 Normal pairing 
55380; 

22/1 and 30/1 30 0.61 1.98 19.33 2.32 48.86 Normal pairing 
55379; 3/3 20 37.20 4.65 0.75 0 6.15 Partial asynapsis 
55380; 5/2 25 46.32 0.84 0 0 0.84 Asynapsis 
55380; 6/9 26 46.92 0.39 0.15 0 0.69 Asynapsis 
55380; 7/2 15 14.16 11.69 §.23 0 23.15 Partial asynapsis 
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TABLE 2 


Frequency of aberrant cells, pollen fertility and seed-setting in normal and asynaptic plants 





No. of seeds per capsule 











Percentage of aberrant cells at Pollen Seed bearing 
— fertility capsules per Open 
Plant no. Al All Sporad stage (%) plant (%) Selfing pollinated 
30/1 21.43 25.42 30.51 70.31 21.54 82.3 90.6 
5/2 97.61 69.32 69.31 3.80 6.85 0 71.6 
6/9 96.10 94.34 78.18 5.44 7.50 0 36.0 
7/2 86.32 78.72 69.93 11.61 17.39 31.5 77.0 





comparison with those of the asynaptic ones. Most of the bivalents in asynaptic 
and partially asynaptic plants were of the rod type with chiasma in only one of 
the arms. During the subsequent stages of meiosis, there were several irregulari- 
ties like sticky bridges and lagging chromosomes at A I and A II, unequal distri- 
bution of chromosomes at M II and the occurrence of dyads, triads, pentads and 
micronuclei at the sporad stage. The percentage of cells with such aberrations is 
given in Table 2. Pollen fertility was very low in the asynaptic plants. There were 
however some giant, well-stained grains which probably arise as a result of the 


formation of monads or dyads. 
All the plants with complete or partial asynapsis were selfed and also crossed 


with normal rustica pollen. In completely asynaptic plants, no seeds were ob- 
tained on selfing. Seed setting was, however, obtained in asynaptic plants both in 





| 2 


Figure 1.—Metaphase I in plant No. 5/2 with 48 univalents. 


Ficure 2.—Metaphase I in plant No. 7/2 with 7 bivalents + 34 univalents. 
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crosses with normal rustica pollen and under open pollinated conditions. Thus, 
the ovules of these plants were functional. Seed setting was observed in partially 
asynaptic plants on selfing, in crosses with normal plants and under open polli- 
nated conditions. The total number of capsules formed under open pollinated 
conditions in the different plants is given in Table 2. Only six to seven percent of 
such capsules were, however, found to contain seeds in plants number 5/2 and 
6/9. 

Inheritance of asynapsis: Out of the 23 plants studied during 1955-56, seven 
plants were either partially or wholly asynaptic. Selfed seeds from the partially 
asynaptic plant No. 7/2 as well as open pollinated seeds from the others were sown 
during November 1956, along with NV. rustica and progenies of normal plants of 
the rustica-tabacum derivative. All this material was, however, damaged severely 
by a hailstorm which hit Delhi in March, 1957. Only ten plants survived and 
flowered. Among them, two partially asynaptic and two completely asynaptic 
plants were found. Asynapsis in the rustica-tabacum hybrids therefore appears to 
be genetically controlled, though it is not possible at this stage to indicate precisely 
the number of factors that may be concerned. 

Poisson analysis of bivalent frequencies in different cells: So far, no case of 
asynapsis has been recorded in N. rustica. In N. tabacum, CLAUSEN and CAMERON 
(1944) identified a “pale sterile” mutant which was also partially asynaptic. 
This mutant was used by them to develop the monosomic series of tabacum. SMITH 
(1950) who produced the rustica-tabacum hybrids used in the present study and 
who has critically investigated this material has not reported any asynaptic plant 
in them. From the data now available, their occurrence could only be explained 
on the assumption of a spontaneous mutation. In view of the hybrid nature of 
this material and also since N. rustica and N. tabacum are both allopolyploids, a 
Poisson analysis of the frequencies of cells with different numbers of bivalents 
was carried out to find out whether bivalent formation occurs wholly at random. 
The data are presented in Table 3 (see also Figure 3). Only data from metaphase 


TABLE 3 


Frequency of bivalents in asynaptic plants at Metaphase I 





Number of cells containing a bivalent frequency of 











Plant no. 9 I 2 3 ' 5 6 7 8 9 10 11 12 x2 
5/2 29 17 5 5 Ramet sip ane- Sx saemtematr Seacetcin Ps ake» sa ctgremamreae) Greeng aee ane 
26.45 19.84 744 1.86 
6/9 32 4 1 0 | A en ee er ee eee 
29.30 7.62 1.08 
3/3 0 2 2 | 8 29 6 5 . 69.13* 
5.67 8.75 11.22 10.80 8.32 5.34 5.43 
7/2 2 1 8 8 2 15 5 
5.86 S20 522 SOl 5.35 6.39 6.32 16.596* 





The upper figure is the experimental number of cells with the stated number of bivalents: the lower figure is the number 
expected on the Poisson distribution. 
* Significance at 5% level. 
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Ficure 3.—Frequency of occurrence of cells with different bivalent numbers in asynaptic and 
partially asynaptic plants. 


I plates were analyzed, since a large number of cells could be studied at this stage. 
fi can be seen from Table 2 that plants 5/2 and 6/9 showed the lowest ,° with a 
good fit for Poisson distribution. In the other two plants, the deviations from the 
frequencies expected on the basis of Poisson distributions were significant. Tests 
for binominal distribution also revealed large deviations from those expected. The 
curve in the case of plant 7/2, looks bimodal in view of the very low frequency of 
cells with nine and 11 bivalents. This may, however, be due to the number of cells 
studied in each class being insufficient. From this data it may be concluded that 
the bivalents in plants 3/3 and 7/2 are not formed at random. 


DISCUSSION 


There are two important questions regarding the asynaptic condition in rustica- 
tabacum derivatives which need consideration. First, why is there a gradation in 
pairing frequency from regular bivalent formation to complete asynapsis? Sec- 
ondly, what is the deviation from a binomial distribution in the mode of bivalent 
formation in partially asynaptic plants due to? Regarding the first question, a 
probable explanation is the existence of a gene dosage effect similar to that ob- 
served in Solanum (SwAMINATHAN 1952). Since partially asynaptic plants gave 
rise to completely asynaptic ones, it is not likely that altogether different genes 
control the types of asynapsis met with. Lack of chromosome homology cannot be 
used to explain either partial or complete asynapsis since some plants in the same 
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population showed regular bivalent formation. Nor can environmental conditions 
account for the observed differences in pairing since first, the plants were grown 
under similar conditions and fixations were made on the same day and secondly, 
the character was inherited. The possibility that asynapsis may result from the 
pleiotropic effect of the mammoth gene is rendered unlikely by the fact that the 
rustica-tabacum derivatives also segregated at Delhi for the mammoth character 
(Murry and SwaMINaTHAN 1957). Thus, the asynaptic plants isolated by us and 
the different degrees of pairing observed in them seem to owe their origin to 
spontaneous mutation and gene dosage effect respectively. 

The nonconformity of bivalent formation in partially asynaptic plants to a 
Poisson or binomial distribution reveals some interesting possibilities. Certain 
homologous chromosomes appear to be capable of undergoing synapsis under 
cellular conditions which are not favorable for the pairing of other chromosomes. 
Thus, it appears that even within the chromosome complement of a plant, there 
may be differences among the different chromosomes concerning their require- 
ments for the initiation of pairing. In the genus Nicotiana, spontaneous asynapsis 
has so far been reported only in N. tomentosa (GoopsPEED 1954). In X-rayed 
progenies of NV. tabacum and N. sylvestris, some asynaptic variants have been 
recorded. No asynaptic mutants have been reported in N. rustica. Whether the 
bivalents occurring in partially asynaptic rustica-tabacum derivatives arise from 
pairing within a particular genome of JN. rustica or from pairing within some 
chromosomes of both the genomes (modified by the presence of some segments of 
tabacum chromosomes) cannot at present be ascertained. 

Non randomness in the response of individual chromosomes and even segments 
of chromosomes with reference to the action of various mutagens and external 
agencies such as temperature is well-known. Regs (1958) presented evidence 
that in some partially asynaptic plants of Scilla particular chromosomes respond 
to abnormal conditions within the cells in different ways. A specific chromosome 
response to temperature was inferred by Jain (1957) in Lolium from the dis- 
proportionally high occurrence of nonsynchronized cells with one or two advanced 
bivalents. Such specificity may or may not be related to chromosome length. 
Localization effects have long been studied with references to the distribution of 
chiasmata. However, no attempt has been made to study the response of homol- 
ogous pairs of chromosomes to conditions unfavorable for the origin of pairing as 
in asynapsis, nor to the retention of chiasmata in paired homologues according to 
the time sequence normal to the species as in desynapsis. In view of the funda- 
mental interest aroused by this problem, the results of different authors, who have 
reported quantitative data on the chromosome associations found in asynaptic or 
desynaptic plants, were subjected to a Poisson and binomial analyses. The results 
are summarized in Tables 4 and 5. It should be mentioned that in all the cases 
where a significant deviation from Poisson or binomial distribution is reported in 
Tables 4 and 5, the deviation occurred in all classes and not merely in a single one, 
i.e., no case of compound or truncated Poisson distribution was found. 

From the data in Tables 4 and 5, the following general conclusions can be 
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TABLE 4 


Poisson analysis in desynaptic plants 








Mean no. — Fit for Poisson 
Material and s»mat ¢ of bivalents and binomial 
chromos me number Plest no per cell distribution Remarks 
Zea mays (2n=20) * 3695-5 0.30 Very good Nil 
ss 3694-5 0.50 Fair Deviation in first two classes 
si 3694—1 4 0.65 Very good Nil 
4 3693-1 1.34 Fair Deviation in the first three 
classes 
ai 3696-24. 2.40 Poor High deviations in all 
classes 
Fa 3699-14: 4.86 Fair Sample size small 
7, 3695-7 6.82 Fair Sample size small 
" 3701-1 8.15 Poor Deviation in all classes 
Pisum sativum (2n=14)+ A, 3.80 Very poor Deviation in all classes 
“3 B, 3.90 Very poor Deviation in all classes 
‘i B, 3.90 Very poor Deviation in all classes 
a B, 4.50 Very poor Deviation in all classes 
Secale cereale(2n—=14)t 100-2 2.38 Fair (P High Deviation in middle 
between 0.10 classes 
and 0.20) 
iy 100-3 2.63 Very poor Deviation in all classes 
“4 1-3 4.40 Very poor Deviation in all classes 
x 6-7 4.98 Very poor Deviation in all classes 
Ulmus glabra(2n—28)§ 1 1.05 Very good Nil 
4 7 2.16 Very good Nil 
z 10 V2 Good Ni! 
Matricaria inodora(2n—36) || 1 5.50 Fair Sample size only 20 cells 
Triticum aestivum (2n—42)€ 1703-1 1.90 Fair Data pertaining tomaterial 
“i 1704-1 2.40 Good Fixed at 10:10 a.m. on 4/8 
= 1705-1 2.60 Good Fixed at 10:10 a.m. on 4/8 
4 1695-2 11.50 Very poor Fixed at 10:10 a.m. on 4/8 





* Data from Beapie (1933). 

+ Data from Kotier (1938). 

t Data from PrakkEN (1943). 
§ Data from Enrensperc (1949). 
| Data from Vaarama (1950). 

€ Data from Li et al. (1945). 


drawn. (1) In cases of nearly complete asynapsis or desynapsis, an occasional bi- 
valent may be formed at random. (2) As the mean bivalent frequency approached 
the equivalent of half the potential number of bivalents, a gradual departure from 
Poisson distribution commences, ending in very wide deviations in those cases 
where n/2 or more bivalents are formed or where more than the number of bi- 
valents constituting a genome in an alloploid species are formed. (3) The above 
trend holds good whether the plants concerned are diploids like Rye or Pisum 
sativum, allopolyploids like Triticum aestivum, autopolyploid like the Solanum 
hybrid, or probably secondary polyploids like tomato and maize, or even aneu- 
ploids. It thus appears that when conditions conducive to normal chromosome 
pairing are present only inadequately, there is a definite difference in the ability 
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TABLE 5 


Poisson analysis in asynaptic plants 





Mean no. — Fit for Poisson 
Material and somatic of bivalents and binomial 
chromosome number Plant no per cell distribution Remarks 





Triticum aestivum* 

(2n—42; plants studied 9 plants 5.77 Very good Nil 
had 2n—40) 

Lycopersicon esculentum+ 





(2n=24) a 3H bs ” Fair  neviation in middle classes 
* 57—7 5.03 Fair { 
” 17-2 5.45 Poor 
’ 59-4 7.03 Poor Deviations in all classes 
3-3 8.04 Poor 
F., Gossypium hirsutum} 
x G. barbadense (2n—52) 11 6.30 Good Nil 
is 7 6.40 Good Nil 
. 8 6.70 Fair Sample size small 
” 6 7.00 Fair High deviation in one class 
1 8.80 Good Deviations in middle classes 
= 3 11.60 Very poor Deviations in all classes 
F., and F., of amphidiploid§ 358 3.50 Very good Nil 
(Solanum parodii X S. 190 4.54 Very good Nil 
saltense) 2n=48 362 14.00 Very poor Deviations in all classes 
* Data from Huskrins and Hearne (1933). 
“ Data from Soosr (1951). 
> Data from Beastey and Brown (1942). 
Data from SwaMINaTHAN (1952). 


of the different chromosomes of a plant species to behave normally. As a conse- 
quence some chromosomes of a complement are unable to undergo synapsis, some 
others are able to do so, although with a reduced chiasma frequency per bivalent. 
In allopolyploids, this might be related to the differential requirements of the diff- 
erent genomes with reference to prerequisites for pairing; and in diploids such a 
situation would suggest that each pair of chromosomes might behave as an inde- 
pendent unit under such conditions. Various theories involving (1) physical 
changes in the chromosomes or in the cytoplasm, (2) disturbances in the normal 
time relations between pairing and division of the chromosomes, (3) genetically 
controlled enzyme deficiencies which exert an influence on the breakage and re- 
union of chromatids etc., have been proposed to explain the mechanism of asyn- 
apsis. DARLINGTON (1957) suggested that such abnormal cells can be considered 
as containing nuclei where cooperation was restricted over limited distances, while 
in normal cells the general cooperation within nuclei is permitted by the cyto- 
plasm. However, he did not exclude the responsibility of cooperation between 
chromosomes in close association. Whatever may be the correct cause, it appears 
from the present study that genetically controlled threshold effects exist to which 
homologous chromosomes may respond in a specific and independent manner. 








CHROMOSOME ASSOCIATION 1279 


SUMMARY 


During a cytogenetic study of the second segregating generation of the sixth 
backcross of F, N. rustica x N. tabacum to N. rustica, segregation was observed 
for different degrees of asynapsis during microsporogenesis. From a consideration 
of various alternatives, it is concluded that asynapsis in the population owes its 
origin to a spontaneous mutation. It is also presumed that gene dosage effects may 
be responsible for the different degrees of asynapsis found among different plants. 

Analysis of the data for Poisson and binomial distribution revealed significant 
differences on the nature of association of chromosomes between the partially 
asynaptic and completely asynaptic segregants. Cases reported previously of 
asynaptic and desynaptic mutants in various plant genera were also subjected to 
Poisson and binomial analysis. From the results, it is concluded that (a) the odd 
bivalents found in completely asynaptic plants are formed at random; (b) as 
the mean bivalent frequency approaches the equivalent of one half the potential 
number of bivalents, a gradual departure from Poisson or binomial distribution 
ends in very wide deviations where n/2 or more bivalents are formed, and (c) this 
type of response wherein specific homologous pairs in a chromosome complement 
show ability to pair under conditions which lead to asynapsis in other pairs is 
prevalent among all types of plants, whether they be diploids, secondary poly- 
ploids or primary polyploids of various types. 
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EPPER vein-banding virus causes a troublesome disease of cultivated peppers 

(Capsicum spp.) in Puerto Rico (Apsuar 1940) and in Trinidad. A rather 
similar disease occurs in Hawaii (Krkuta 1947). Serological investigations 
(Perez and Apsuar 1955) indicate that the virus responsible for the West Indian 
disease is a strain of potato virus Y. In Trinidad, Date (1954) found that three 
distinct seedling reactions were shown by various strains of cultivated pepper and 
this observation prompted the genetical investigation reported here. 


MATERIALS AND METHODS 


Four pepper varieties were used: 

1. ‘Ford Hook’ (FH): a commercial sweet pepper from the U.S.A., much grown 
in Trinidad from imported seed. A strain of Capsicum annuum L. 

2. ‘Puerto Rico Wonder’ (PRW): Capsicum annuum L., bred in Puerto Rico 
for resistance to virus and introduced thence to Trinidad by W. T. Date. 
Roque and Apsuar (1941) and RioLLANo, Apsuar and Ropricuez (1948) 
have described the breeding of PRW from the susceptible ‘California Won- 
der’ crossed by the resistant Mexican pepper ‘Cuaresmeno’. 

3. ‘Large Bell Hot’ (LBH): a commercial hot pepper from the U.S.A. intro- 
duced to Trinidad by W. T. Date. A strain of Capsicum annuum. 

4. ‘Hot Yellow’ (HY): a shrubby pepper cultivated in Trinidad, acquired from 
Dr. F. J. Stmmonps. An extremely hardy and long-lived type that bears a 
large crop of subglobular, orange-yellow, hot fruits. Probably a strain of 
Capsicum sinense Jacquin. The name, ‘Hot Yellow’, was invented by the 
writers for the variety, which was received unnamed. 

Tests of virus reaction were made on seedling plants in the greenhouse unless 
otherwise stated. Inoculation was done with the juice of infected ‘Ford Hook’ 
plants which was rubbed onto the leaves with the fingers; carborundum powder 
(grade 400) was used. Seedlings were inoculated first at the 2-4 leaf stage and 
survivors were reinoculated after about two weeks; sometimes a second reinocula- 
tion was carried out about two weeks after tlie first. 

Pollinations were mostly made on plants in pots growing in full sunlight be- 
cause plants in the greenhouse, though they made good growth, flowered and set 
poorly. Emasculation was performed just before the buds opened and flowers were 
protected with pinned pieces of fine muslin or muslin bags which were supported 
on stakes in rainy weather. Most crosses were about 20 percent successful and 
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showed no marked reciprocal differences in this respect; an apparent exception to 
this was LBH x HY in which 20 crosses failed with HY as female parent but in 
which LBH yielded seeds at the first attempt. This agrees with the results of 
SmitH (personal communication) who found that the cross C. annuum x C. 
sinense could only readily be made with C. annuum as the female parent. 


RESULTS 


Symptoms (cf. DALE 1954 ) 
Four seedling reactions were distinguished, thus: 


1. Necrotic (N): veinal necrosis and leaf abscission; plants commonly rather 
drooping and flaccid; infection easy and symptoms early (5—6 days); the 
plant is swiftly reduced to a bare stalk with necrotic streaks; lethal. 


bo 


Necrotic-mosaic (NM): some veinal necrosis and incomplete leaf abscis- 
sion; surviving leaves show necrotic flecks and severe vein-banding (mo- 
saic); infection difficult and symptoms slower (8-9 days); sublethal, but 
plants infected as seedlings rarely set fruit. The necrotic symptom is some- 
times much delayed (15-20 days). 

3. Severe mosaic (SM): severe vein-banding, visible first in youngest leaves, 
accompanied by some wrinkling, distortion and reduction of size; infection 
easy, Symptoms appearing in 8-9 days; nonlethal but growth very poor. 

4. Mild mosaic (MM): mild vein-banding, so mild as to be difficult to recognize 

in some instances; little or no wrinkling and distortion; infection difficult, 

symptoms slow (12 or more days) ; growth little affected. Plants in which no 
symptoms could be induced were perforce placed in this category, though 
some of them (see below) were probably of NM genotype. 


Reactions of parents and F , hybrids 


In the seedling stage. parents and F, hybrids reacted as follows: showing a 
necrotic (N) reaction—LBH, LBH x FH, LBH x PRW, LBH x HY; showing 
a severe mosaic (SM) reaction—FH, FH x PRW;; showing a mild mosaic reac- 
tion—PRW, HY. The necrosis shown by LBH x HY F, was milder than that 
shown by LBH itself, suggesting the occurrence of incomplete dominance. Al- 
though all HY seedlings tested reacted with a mild mosaic, genetical results 
described below show that the necrotic mosaic phenotype also occurs in this 
strain. Evidently, genes controlling the necrotic reaction are dominant to all 
others; the NM reaction was not recognized in the parents of F, hybrids (though 
probably it occurred in the HY strain). 

Reactions of healthy mature plants inoculated with the disease were much more 
difficult to classify and gave clear signs of incomplete dominance thus: 

LBH: Vein necrosis, abscission of young leaves and fruits; sublethal. 

FH: Severe mosaic with much leaf crinkling and distortion; growth poor. 

PRW: Mild (occasionally moderately severe) mosaic; resistant to infection; 

growth good. 
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LBH x FH: Variably severe mosaic with leaf curling; some tip die-back; little 
necrosis; growth poor. 
LBH x PRW: Variable mosaic and vein necrosis; much abscission of young 
leaves and fruits; growth poor. 
FH x PRW: Severe mosaic with some leaf crinkling and distortion; growth 
fair. 
Genetical results 
Results are summarized in Table 1. They show that two loci are concerned with 
resistance to disease; the constitutions of plants having the various disease reac- 
tions may be symbolized as follows: N—V,V, (e.g. LBH); NM—V,v,v, (e.g. 
HY. in part); SM—v,v,V, (e.g. FH); MM—v,v,v.v, (e.g. PRW, HY in part). 
The only complication was caused by difficulties of classification of F, families 
of PRW x LBH (line 3 of Table 1). The results for these dihybrid families are 
given in more detail in Table 2. 
The 953 plants tested fell into five groups each of which was raised and tested 
over a comparatively short period of time (about 4—6 weeks). All the plants within 


TABLE 1 


Segregations in peppers 





Frequencies 











No. of 
Parentage families N NM SM MM Ratio x2fn] P 

LBH x FH, F, 8 | a 3: 1 0.12[ 1] 0.7-0.8* 
FH x PRW, F, 5 ie as, See. oo 3:1 0.09[ 1] 0.7-0.8+ 
LBH x PRW. F, 15 596 90 232 105 9:3:3:1 94.78 3] <0.001¢ 
NM types selfed, F., 2 ae ee 9 3:1 0.27[1] 0.5-0.7 
(LBH x HY)F, x PRW 2 8 16 11 267[1]  0.1-0.2 
(LBH x HY)F, x PRW 1 7 Si 5 7 1:1:1:1 0.67[3] 0.7-0.8 

* Six families with LBH female, two reciprocal: no heterogeneity. 

+ Three families with FH female, two reciprocal: no heterogeneity 

= See Tables 2 and 3 and analysis in text 

TABLE 2 


Dihybrid segregations in peppers. 
Groups ranged in descending order of NM class proportions 





Frequencies 





Group (year N “NE. SMM MM _ Totals Families x2[n]* 

I (1952 41 14 18 10 83 1 ak 

II (1951) 1292 35 46 18 221 5 11.77[12] 
IIT (1958-59) 115 20 55 10 200 5 48[12] 
IV (1954) 89 11 34: 26 160 1 pigere 

V (1952) 159 10 79 41 289 3 1.23[6] 
Totals 526 90 232 105 953 





* The values of x? in the last column test heterogeneity between the different families included in one group; none is 
significant. 
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any one group were therefore subjected to approximately uniform treatment. 
Table 2 shows that families within groups were homogeneous with respect to 
reaction to virus. Between groups, however, treatment was not uniform for there 
was, perforce, variation in weather, source of inoculum, inoculating operator and 
observer; it is therefore not surprising to find that the groups are heterogeneous 
(x*[12] = 46.02, P<0.001). Four families were tested on two or more occasions 
and can thus be used as checks on the occurrence of nongenetic variability of 
classification. Three showed no significant heterogeneity between occasions 
(though two x? were suggestively large) and one gave clear evidence of hetero- 
geneity. Thus family 342/1 was grown twice in 1952 (see Table 2) with these 
results (frequencies of N, NM, SM and MM): Group I—41, 14, 18, 10; Group V 
—50, 3, 25, 11; heterogeneity ,°[3] = 10.72 and P = 0.01 — 0.02. 

Taken jointly the five groups diverge significantly from a 9:3:3:1 ratio (x? [3] 
= 94.78, P<0.001) but they jointly agree with 9:7, thus: deviation x? [1] = 0.43, 
P = 0.5 — 0.7; heterogeneity y? [4] = 1.58, P = 0.8 — 0.9. 

The frequency of the N class is not at fault and this suggests that linkage, if it 
is involved in the problem, is not tight. The contingency x? appropriate to detect 
linkage in such data (Marner 1938) is highly significant (,? [1] = 36.65, 
P<0.001). However, calculations, which need not be set out here, show that no 
reasonable hypothesis based on linkage explains the over-all discrepancy from a 
9:3:3:1 ratio. The data of Table 2, however, are heterogeneous and deviations 
from 9:3:3:1 ratios range from nonsignificant in group I to great in group V. We 
have seen above that the frequency of the N class accords with expectation and 
that the discrepancies therefore lie in the other three classes; scrutiny of Table 2 
shows that there is a general tendency, increasing down the table, towards 
deficiency of NM and excess of SM and MM. 

All the facts so far adduced tend to show that we are dealing with a 9:3:3:1 
ratio sporadically disturbed by environmental influences that cause misclassifica- 
tion of plants other than those of N genotype. The misclassification is twofold: 
first, NM plants often show very weak and/or late necrotic symptoms and, if 
none were detected, would have to be classified SM; second, it is known (see 
below) that vv, genotypes are much more difficult to infect than genotypes that 
carry V, so that NM plants tend to escape infection, being thus misclassified MM. 
Obviously, these two errors will jointly tend to produce the observed discrepancy, 
namely deficiency of NM and excess of SM and MM. 

It may be helpful to note here that the obvious method of testing the misclassifi- 
cation hypothesis, namely to raise and test F;s of plants scored NM, SM and MM 
in the F,, is not practicable because NM and SM seedlings either die or are so 
stunted as to be virtually sterile in later life. Attempts to score whole F, families 
on the basis of F; progenies likewise failed because natural virus infection of the 
F, made it impossible to achieve an unbiased sample. Direct proof of the mis- 
classification hypothesis is not therefore available. 

The problem may be analyzed as follows. Let p be the probability of misclassifi- 
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cation of an NM plant as SM and gq the probability of failure of infection of an 
NM plant, then the F. will give: 





Class N NM SM MM Total 
Obs. a b c d n 
i 9n 3n(1—p—q) 3n(1+p) n(1+3q) 

i inks wan ei aces: 


By application of the method of maximum likelihood or, more directly, from the 
statement 





3(1—p—q) 3(1-+p) _ (1+3q) 


b C d 
it can be shown that (where m = b+c+d) 
4c—3b—3d 6d—b—c 
= at i 
P 3m q 3m 


of which the variances and covariance are 











(1+p) (4—3p) 49 
> = eae = : b+ 1 
Vi 3(b+c+d) 9m hati 
>) eee —~). = Be. 
‘= biota _— d(b+c) 
Mo aes (1+3q) (itp) 
” — 3(b+ct+d) Om 


Calculation of the estimates of p and g absorbs two degrees of freedom so that 
one remains to test goodness of fit. Since p and g depend only on b, c and d, the 
remaining degree of freedom attaches to the comparison of the frequency of the 
N class with the other three classes combined—.e., it applies, in effect, to the test 
of a 9:7 ratio. Table 3 shows that agreement of calculated with observed values 


TABLE 3 


Dihybrid segregations in peppers. Estimates of p and q (see text) 
and calculated segregations (see Table 2) 





Calculated values 


Group Pp q N NM SM MM x?[n=1] p 





I 0.0000 + 0.1782 0.2222 + 0.1534 47 Wa 2 BT 1.58 0.2-0.3 
II 0.0842 + 0.1171 0.0909 + 0.0905 124.3 34.2 44.9 17.6 0.98 0.3-0.5 
Ill 0.5098 + 0.1210 0.0588 + 0.0815 112.5 206 56.6 10.3 0.13 0.7-0.8 
IV 0.1174 + 0.1383 0.5211 + 0.1334 90.0 10.9 33.5 25.6 0.03 0.8-0.9 
V 6.4179 = 0.0999 0.4026 + 0.0951 162.6 9.7 76.8 39.9 0.18 0.5-0.7 











1) Values of p and q written in italics differ from zero by more than twice the appropriate standard error. 
(2) The values of x? in the penultimate column test agreement of observed frequencies (Table 2) with calculated values 
given here; each has 3—-2—=1 degree of freedom and all are nonsignificant. 
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is satisfactory. Values of p and q, it will be noted, vary widely and apparently 
independently—as would be expected, because there is no obvious reason to 
expect that failure of NM plants to develop necrotic symptoms should be corre- 
lated with failure of infection. 

In summary, the dihybrid F, data agree with the hypothesis that two inde- 
pendent loci are concerned but that segregation is disturbed in a more or less 
orderly (or, at least, calculable) fashion by difficulties of classification. 

The statement made above that v,v, genotypes are resistant to infection needs 
justification. Table 4 summarizes information on ease of infection of plants 
subsequently classified by disease reaction. The data came from the records of 
inoculation and infection made by one operator over a limited period of time 
and are not necessarily generally representative but they illustrate the point at 
issue. Uninfected plants have been excluded on the grounds that they must have 
included some MM types; and the SM class probably contained a few NM types 
if the interpretation of aberrant F, ratios proposed above is correct. Thus resist- 
ance to infection has probably been somewhat overestimated for the NM class. 
The proportion of this class in the sample of Table 4 that remained uninfected 
after two inoculations was evidently, therefore, somewhat greater than 12.5 per- 
cent; this estimate may be compared with the values of g recorded in Table 3 to 
which, it will be seen, it is roughly median. 

Combining columns 2 and 3 in Table 4, we have: for the V,v, locus, ,?:[1] = 
0.50, P = 0.5; for the V,v, locus, y? [1] = 99.02, P<0.001; and for the residual 
interaction, x” [1] = 17.28, P<0.001. The V, locus is the most important factor, 
v2V, genotypes being much more resistant to infection than V,. Elimination of the 
errors mentioned in the preceding paragraph would strengthen this conclusion. 


Distribution of resistance 
The susceptible (N and SM) peppers worked with in this study both belong 
to Capsicum annuum. In a survey of pepper varieties in Puerto Rico, Rogue and 
Anpsuar (1941) and RioLLano et al. (1948) found that 82 out of 84 strains tested 
were susceptible to the disease; it is not known, however, how many Capsicum 
species were represented in this collection and, therefore, whether reaction to 
virus was related to botanical origins. 


TABLE 4 


Resistance to infection 











Percentage infected 
J at inoculation number 
Reaction Genotype ot pone 1 2 3 
N LP 261 77.0 19.6 3.4 
NM Vv, 24 54.2 33.3 12.5° 
SM v,V, 252 84.5 13.9 1.6+ 
MM v,V, 49 12.2 53.1 34.7* 





* Resistance probably slightly underestimated. 
+ Overestimated (see text). 
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In a preliminary attempt to define the distribution of resistance in the genus, 
eight strains representing four Capsicum species were tested with the Trinidad 
virus. Seeds were supplied by Dr. P. G. Smiru as follows (for taxonomic dis- 
cussion see Hetser and Smiru 1948; Smiru, Rick and Hetser 1951; SmirH and 
Hetser 1951; and Hetser and Smiru 1953. In the list that follows, strains are 
distinguished by Dr. Smirn’s accession numbers; reaction to pepper virus is 
indicated by ““+-” for MM reaction in some at least of the four to ten plants tested 
and by “—” for “no reaction”. All eight strains were probably v,v,v,v2. The list 
is: C. sinense Jacq. (1725 from Suriname, +; 1774 from Puerto Rico, —); C. 
pubescens R. and P. (1789 from Peru, +?); C. frutescens L. (965 from Costa 
Rica, +; 1583 from Nicaragua, +); C. pendulum Willd. (1244 from Chile, —; 
1762 from Peru, —; 1786 from Peru, —). 


A note on tobacco mosaic 


Hotes (1934, 1937; and see Lures 1954) has described genetically controlled 
variability of reaction to tobacco mosaic in peppers. It was clearly of some interest 
to determine whether either one of the loci recognized in the course of the present 
study was the same as the L locus of Hotmes. Evidence that different loci were 
involved in resistance to the two diseases was obtained by inoculating LBH, FH 
and PRW with tobacco mosaic virus; all seedlings responded with an ill-defined 
mosaic (presumably the “systemic chlorosis” of Hotmes) and were therefore 
presumably all Jl. In view of the facts that tobacco mosaic and pepper virus are 
known to be quite different viruses and that genes conferring resistance to one 
virus are not effective against others (Hotmes 1958), this finding is perhaps not 
very surprising. 


CONCLUSIONS 


The activities of the two loci in response to pepper vein-banding virus may be 
stated as follows: 

V, causes vein necrosis and leaf abscission; also mosaic in the surviving leaves. 

It is neutral (or nearly so) with respect to resistance to infection. Domi- 
nance (judged by results of infection of mature plants and difficulties of 
F, classification) is incomplete. 

V, causes mosaic, enhances the necrotic-abscission action of V, and increases 

susceptibility to infection. Dominance is virtually complete. 

From the plant breeding viewpoint the v,v,v,v, system offers an extremely 
useful resistance to the disease, combining, as it does, resistance to and tolerance 
of infection. In Trinidad, ‘Ford Hook’ (v,v,V,V;) plants are virtually always 
infected long before their period of useful production is over and there is every 
reason to replace them by the resistant ‘Puerto Rico Wonder’. The vigor and long 
bearing life of ‘Hot Yellow’ is surely at least a partial consequence of its resistance 
to virus. (The situation is complicated by the fact that it is also resistant to attack 
by Cercospora capsici which is responsible for some defoliation of FH, LBH and 
PRW). It is interesting that V, survives in this strain even though V,v,v, plants, 
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if infected, are severely handicapped; the inference must be that v,v,, by reason 
of its control of infection, is of crucial importance in conferring field resistance, 
thus protecting the sublethal V, from elimination. 

The symptoms of the disease described from Puerto Rico do not exactly agree 
with those known in Trinidad but the fact that ‘Puerto Rico Wonder’, bred in the 
island, is also resistant to the Trinidad virus is good evidence that the disease is 
indeed the same, minor differences in symptoms notwithstanding. This, the prob- 
lem of identifying a virus disease, is a recurrent one (especially in a family such 
as the Solanaceae) and the genes described here offer a useful means of diagnosis 
(cf. Hommes 1958). 

Observations recorded above suggest that susceptible (i.e. V, and V,V.) geno- 
types occur and may be general in Capsicum annuum; but that other Capsicum 
species are predominantly resistant (v,v, or V,v,). This is, at present, only a 
suggestion for clearly a much wider survey of botanically known materials is 
required. 

Of the three virus diseases of Capsicum of which the genetics of host reaction 
has been investigated. one provides an instance of dominant resistance (tobacco 
mosaic—references above), one an instance of recessive resistance (tobacco etch 
virus—GREENLEAF 1956) and one an instance of complementary recessive resist- 
ance (pepper vein-banding virus—the present work). All three systems offer 
useful material alike to the plant breeder and to the pathologist in search of 
diagnostic test plants. 


SUMMARY 


Two loci control reaction to vein-banding virus in pepper (Capsicum) seedlings. 
There is no evidence of linkage between the two loci concerned. The reactions are: 
V,V.—easily infected, vein-necrosis, leaf abscission and death; V ,v,v,—resistant 
to infection, vein-necrosis, mosaic, partial abscission, stunted; v,v,V,—easily 
infected, severe mosaic, poor growth; v,v,v,v,— resistant to infection, mild mosaic, 
good growth. Dominance of V, is incomplete and this, together with resistance to 
infection conferred by v.v,, causes some difficulties in classification. 
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H ETEROCARYOSIS, the association of genetically different nuclei in a single 

cytoplasmic unit, has been recognized in asexually reproducing fungi as a 
mechanism of natural variation since the work of HANsEN and SmiruH (1932) on 
the “dual phenomenon.” They discovered that wild isolates of Botrytis cinerea 
were unstable upon single conidial transfer, the wild isolate giving rise to two 
stable “conidial” and “mycelial” strains, as well as the unstable, intermediate 
wild type. Later investigations (HANsEN 1938) showed that this behavior was 
widespread among the Fungi Imperfecti. In 1942, Hansen and Snyper discovered 
the dual phenomenon in the sexually reproducing Ascomycete, Hypomyces 
solani. By standard genetic tests, it was shown that the “conidial” and “mycelial” 
characters were controlled by a single pair of alleles, and that the dual phenome- 
non was doubtless the result of the assortment of two different nuclear types of a 
heterocaryon during the formation of multinucleate conidia. 

The investigations of Donce (1942), and of BEapLE and Coonrapr (1944) 
with various mutant strains of Neurospora species have revealed a great deal 
concerning the physiological consequences of heterocaryosis. In most cases, it was 
found that heterocaryotic mycelia, constituted of two nuclear types carrying non- 
allelic mutations would display a normal phenotype. They felt that the mutant 
gene carried by one nuclear type was compensated for by the action of its wild 
type allele in the other nuclear type. Though not strictly comparable with domi- 
nance in diploid systems, the complementary action of wild type genes over their 
mutant alleles in heterocaryons indicated a dominant-recessive relationship. 

The occurrence of the dual phenomenon in nature and the experimental investi- 
gations of heterocaryosis indicate that filamentous fungi possess a more adaptable 
genetic system than do unicellular haploid organisms. Because many species of 
fungi reproduce by multinucleate conidia, a heterocaryotic condition may be 
maintained not only during the growth of mycelia, but also in their asexual repro- 
duction. The plasticity of such a system would be somewhat akin to that of 
diploids, because a reserve of variability could accumulate in a nuclear population 
by mutation, shielded from adverse selection by more advantageous genomes. 


1 Work performed while the author was a U.S. Public Health Service Predoctoral Research 
Fellow of the National Cancer Institute. Presented to the Department of Biology, Harvard Uni- 
versity as a portion of a dissertation in partial fulfillment of the requirements for the degree of 
Ph.D. 

2 Present address: Kerckhoff Laboratories of Biology, California Institute of Technology, Pasa- 
dena, California. 
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The changes in the nuclear proportions of heterocaryons during conidial trans- 
fers, therefore, may be investigated, and such a study may be used to construct a 
model of natural selection in fungi which reproduce asexually by means of multi- 
nucleate conidia. Asexual reproduction in N. crassa involves uni- and multi- 
nucleate conidia, among which nuclei of different types may be distributed almost 
randomly (Prout, HurBscHMan, LEvENE and Ryan 1953; Arwoop and Muka! 
1955; and Kier 1958). A heterocaryon may therefore produce conidia of three 
classes; two of which contain only one type of nucleus (homocaryotic) and one 
of which contains both (heterocaryotic). With a heterocaryotic system consti- 
tuted of two nutritionally deficient nuclear types, it is possible to select against a 
homocaryotic conidial type by omitting its nutritional requirement. By studying 
the changes of nuclear proportions over many serial conidial transfers, the factors 
governing these changes may be determined. The experiments reported here were 
designed to elucidate these factors and to indicate the extent to which nuclear 
selection in asexually reproducing heterocaryons of N. crassa is comparable with 
the pattern of genic selection in populations of sexually reproducing diploid 
organisms. 


MATERIALS AND METHODS 


The homocaryotic strains of N. crassa from which the heterocaryons were 
synthesized were derived from single ascospore isolates of the genotypes pan, 
al-1 A (5531, 4637; pantothenic acid, albino) and nic-2, al-2 A (4540, 15300; 
nicotinic acid, albino). The mutations are described in the index of Barratt, 
NEwMEYER, PERKINS and GARNJossT (1954). 

The medium used for the experimental transfers of the heterocaryons was the 
minimal medium of Ryan (1950). This will be referred to as “standard medium.” 
The medium used in plating conidia for estimations of nuclear ratios was a modi- 
fied form of that of WrsrerGAARD and MircHe.i (1947), and contained one 
percent sorbose and 0.1 percent sucrose. Either medium, when unsupplemented, 
will be described as “‘minimal.” Where nutritional supplements were appropriate, 
they were added in the following concentrations: calcium pantothenate, 2 »g per 
ml medium; nicotinic acid, 2 »g per ml; nicotinamide, 2 »g per ml; and |-lysine, 
50 png per ml. 

The heterocaryons of pan, al-1 and nic-2, al-2 used in the experiments were 
formed by the method of PirreNcer, KrmpaLi, and Arwoop (1955). Hetero- 
caryons constituted of these nuclear types grow without either growth supplement 
at a rate indistinguishable from that of wild type. Mycelia of this type form three 
types of conidia: pan, al-1 homocaryons, nic-2, al-2 homocaryons, and hetero- 
caryons, containing both nuclear types. The present experiments were designed 
to select against one or the other of the homocaryotic conidial types during 
conidial transfers. This was accomplished by establishing eight heterocaryons and 
subsequently transferring four of them serially on pantothenate supplemented 
standard medium (PAN lines), and four of them on nicotinic acid supplemented 
medium (NIC lines). Selection was maintained over many serial transfers on 
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agar slants in 18 x 150 mm culture tubes, and the changes in nuclear ratio were 
recorded. The term transfer will be used for the most part; for clarity in some 
cases, the term generation will refer to the heterocaryon arising from a given 
transfer. The regular transfers of the lines were performed by taking a suspension 
of conidia from a heterocaryon, filtering it through glass wool, and diluting it to 
a concentration of 1000 to 6000 conidia per ml. 0.1 ml of the dilution was pipetted 
evenly over the slants. After four days, the resulting mycelium had developed a 
rich conidial mass, and the procedure was repeated. 

At each transfer, determinations of the frequencies of the three conidial types 
from each heterocaryon were made in order to estimate the nuclear proportions. 
This was done by plating aliquots of the conidial suspension used for transfers in 
triplicate on three types of media: minimal plating medium + lysine, minimal + 
pantothenate + lysine, and minimal + nicotinamide + lysine. (Lysine was pre- 
viously found to improve the germination of conidia in this medium.) By appro- 
priately subtracting colony counts on minimal medium from those on supple- 
mented media, the frequencies of the three conidial types were obtained. At 
disparate nuclear ratios, where it was expected that heterocaryotic conidia and 
homocaryotic conidia of one type would be rare, the number of conidia plated in 
minimal and in medium supplemented to select the rare homocaryon was in- 
creased tenfold. This allowed a more accurate determination of the proportions 
of minority conidial types. 

The average number of nuclei per conidium, which in most cases lies between 
two and three, was determined at each transfer by counting 500 stained conidia 
(HurBscHMAN 1952). The conidia of one of the PAN lines and of one of the NIC 
lines were sampled at each transfer, and the average nuclear number was used 
in calculating the nuclear ratios of the other PAN and NIC lines. In later experi- 
ments, the average nuclear number used was 2.60, an average value found in the 
first experiments. 

Estimations of the nuclear proportions, using the conidial frequencies and 
average nuclear number per conidium were made according to the formula of 
Arwoop and Muxat (1955; see below). 


THEORY AND NOTATION 


Although a refined method for the estimation of nuclear proportions has been 
described (Prout et al. 1953), it assumes a random distribution of nuclear types 
in the conidia of heterocaryons and its usefulness is limited by the observed depar- 
ture from randomness in some cases (Prout et al. 1953; Arwoop and MuKkal 
1955; Kien 1958), and by the complexity of applying it. More recently, Arwoop 
and Muxat (1955) have given a simpler formula which takes into account depar- 
tures from randomness, and which gives approximately the same values as that 
of Prout et al. Because random distribution of nuclear types in conidia is not an 
important consideration here, and since the application of Arwoop and Muxat’s 
formula is justifiable in more cases, the latter is used as the basis of the theory 
stated below. 
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Arwoop and Mukai derive their formula for the estimation of nuclear propor- 
tions in conidia as follows (paraphrased): Let the frequency of the pan, al-1 
homocaryons be represented by a, that of the nic-2, al-2 homocaryons be repre- 
sented by b, and that of the heterocaryons be represented by r. Thus, a + b +r 

1. If N is the total number of conidia in the samples added to each plate, and 
if 7 is the average nuclear number, N7 is the total nuclear population to be con- 
sidered. In heterocaryotic conidia, at least one nucleus of each type is present. 
Thus the known number of pan, al-1 nuclei in the population is Nr. The nuclear 
population in homocaryotic conidia plus those in excess of the two known in each 
heterocaryotic conidium is Nn-— 2Nr. It is then assumed that in this remaining 
population, the ratio of the two types of nuclei is the same as that of the corre- 
sponding homocaryotic conidial types. The proportion of pan, al-1 homocaryons 
among homocaryotic conidia is a/(1—r). To find the number of pan, al-1 nuclei 
in the total nuclear population, Wm — 2Nr is multiplied by a/1—r and added to 
Nr. This number is then divided by the total nuclear population, Nn, to give the 
approximate proportion p, of pan, al-1 nuclei: 


_ r(i—r) + a(n—2r) (I) 
et n(1—r) 





An essential feature of this formula is the simplifying assumption that all three 
conidial types have equal average nuclear numbers. This is justified to some ex- 
tent by the observed tendency for more homocaryotic conidia to be formed, at the 
expense of heterocaryotic conidia, than would be expected on the basis of random 
distribution of nuclei in conidia. 

Atrwoop and Muxat have not gone beyond the use of this formula in the esti- 
mation of nuclear proportions. If this formula is valid, and if the conidial fre- 
quencies found by plating represent the frequencies of conidia transferred during 
the selection procedure outlined above, it should be possible to predict the value 
of p for the next generation. Assuming nic-2 al-2 cells to be inviable on medium 
containing only calcium pantothenate, the proportion of the conidial population 
which is able to grow is a + r. Because the average nuclear numbers of all types 
of conidia are assumed to be equal, a +r also represents the proportion of the 
nuclear population which resides in conidia capable of growth. If the proportion 
of pan, al-1 nuclei of a given heterocaryon be divided by a + r, one obtains the 
proportion of pan, al-1 nuclei in conidia able to grow on pantothenate. If it is 
further assumed that equal division rates of the two nuclear types of these conidia 
takes place (PirreNceR and Atwoop 1956), then this fraction will equal the 
frequency of pan, al-1 nuclei in the next generation. This value, predicted from 
the previous generation by assuming that nic-2, al-2 conidia cannot grow, will be 
denoted 





a ee (I) 
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The equivalent expression for selection in favor of the nic-2, al-2 nuclear type is: 


ane (1—p) (111) 
b+r 

If one assumes that both homocaryotic conidial types are selected against in a 
given transfer, and that only heterocaryotic conidia contribute to the resulting 
heterocaryon, one may predict the proportion of pan, al-1 nuclei in a hetero- 
caryon grown under these conditions. Nr represents the number of pan, al-1 
nuclei known to be present in heterocaryotic conidia; to this must be added the 
number of nuclei in excess of the two known (i.e., Nmr — 2Nr), multiplied by 
the proportion, a/(1—r), of pan, al-1 nuclei among them. This sum is then divided 
by the total number of nuclei in heterocaryotic conidia, Nnr, to obtain the pro- 
portion of pan, al-1 nuclei. Thus the proportion of pan, al-1 nuclei in hetero- 
caryotic conidia will be: 








a(Nnr—2Nr) 
ee Nr+ cea" sige | 
iki Nnr ial 
{i+} + afe-3) (V) 
ri n(i—r) 


and p” will represent the predicted frequency of pan, al-1 nuclei of a hetero- 
caryon derived from heterocaryotic conidia only. The predicted frequency, 
(1—p)”, of nic-2, al-2 nuclei under the same conditions will be: 

(1—r) + b(n—2) (VI) 


ni—r) 





(1—p)” = 


It may be seen that as long as the average number of nuclei per conidium is 
nearly two, the last two formulae will approximate 0.50. This, however, is some- 
what unrealistic when it is realized that the value of 7 for heterocaryotic conidia 
will in all probability be greater than 2, this being the lower limit of the nuclear 
frequency distribution for this conidial type. A correction of this feature, made 
by disregarding uninucleate conidia in computing 7 would modify it by only ten 
percent in most cases. The effect on the values of p and 1—p is almost negligible 
for the present analysis. Now. as 7 becomes larger, the values p” and (1—p)” of 
selected lines in which only heterocaryotic conidia are able to grow will tend 
toward 0.50. The only stable value is 0.50, theoretically, since the two formulae 
(V and VI) are dominated by the 1:1 ratio of the two nuclear types essential to 
every heterocaryotic conidium. 

A general formula may now be derived, from which variable contributions of 
one homocaryotic conidial class selected for may be found, assuming the other 
homocaryotic class to be completely selected against. 

If Nna is the total number of nuclei in conidia homocaryotic for pan, al-1, and 
if x is taken to be the proportion of these nuclei which contribute to the next 
generation, then Nnaxz is the number of these nuclei which contribute to the next 
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generation. By adding the quantity Naz to both numerator and denominator of 
the right hand side of Formula IV, we obtain, after simplifying: 


_r(i-r) +a(nr—2r) +na(i—r)zx , (VII) 
i n(1—r) (r+arx) 





Pt+1 


where ¢ is the generation from which the values of a, r, and 7 are taken, and 
where p; ,, is the value of p in the next. This expression may be used to find the 
proportion of pan, al-1 homocaryons which contribute to the latter generation, 
relative to the heterocaryotic type, by sc!ving for x. The proportion of the hetero- 
caryotic type which contributes is assumed to be 1.00. The formula may be modi- 
fied to describe the relative contribution of nic-2, al-2 homocaryons if pan, al-1 
homocaryons are absolutely selected against, as follows: 


fi—w _r(i—r) + b(mr—2r) + nb(1i—r)y (VIII) 
ere: n(1—r) (r+ by) 





where y is the proportion of nic-2, al-2 conidia that grow, or where y is the extent 
to which all nic-2, al-2 conidia contribute to the final nuclear population. 

Now, if x = 0, formula VII reduces to the value of p”, and if x = 1, formula 
VII reduces to that of p’. If the actual value of p found in a given generation is 
used as p;+,, the magnitude of x, the selective value of the homocaryotic conidial 
class, may be obtained. 

To summarize: Given certain conditions, it is possible to predict the frequencies 
of nuclei in a heterocaryon by analyzing the conidial population from which the 
heterocaryon is derived. The predicted frequencies may be obtained by assum- 
ing that pan, al-1 homocaryons and heterocaryons grow and contribute equally 
to the resulting heterocaryon (prediction p’), that nic-2, al-2 homocaryons and 
heterocaryons grow equally well (prediction (1—p)’). or that only heterocaryons 
grow (predictions p” and (1—p)”). These predictions may be compared graphic- 
ally to the observed value of p or (1—p) of the heterocaryons at each generation 
during selection. Furthermore, inequalities in the relative contribution, or selec- 
tive value, of the heterocaryotic and one homocaryotic conidial class may be 
found by analyzing the data with Formulae VII and VIII. 


RESULTS 
Reliability of methods 


Two pan, al-1 + nic-2, al-2 heterocaryons were analyzed in quadruplicate in 
order to estimate the range of variation in the nuclear ratio determinations. 
From each heterocaryon, four platings were made to determine the frequencies 
of the three conidial types, and four samples of conidia were stained for the de- 
termination of average nuclear numbers. The value of p for the first heterocaryon 
ranged from 0.92—0.95 (std. dev. 0.013), and for the second, from 0.70-0.74 (std. 
dev. 0.016). The data indicate that values of p are consistent within about 0.03 
(two std. dev’s.). 
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Selection on mixtures of homocaryotic conidia 


Since homocaryotic conidia on unsupplemented medium can develop short 
germ tubes, heterocaryosis between conidia selected for and those selected against 
might be expected to occur by the anastomosis of these germ tubes. To test the 
extent of this possible heterocaryosis, 0.1 ml aliquots of a 1:1 mixture of pan, al-1 
and nic-2, al-2 conidia containing 10° conidia per ml were placed on slants of 
standard minimal medium, minimal + pantothenate, and minimal + nicotinic 
acid. This duplicated as nearly as possible the conditions prevailing during the 
selection experiments with regard to media and the distribution of conidia on the 
slants. 

In the tubes of minimal medium, no growth took place. Conidia from the my- 
celia developing in the supplemented tubes were plated on minimal and both 
singly supplemented plating media to test for the presence of the nuclear type 
selected against. No nuclei of these types expressed themselves in platings of 
5 X 10* conidia. It may be concluded that in these conditions, heterocaryotic as- 
sociations involving conidia selected against do not occur to any significant extent. 


Changes of nuclear proportions during selection 


The changes in nuclear proportions during selection were gradual. In the PAN 
lines, where nic-2, al-2 homocaryons were selected against, the frequency, p, of 
the pan, al-1 nuclear type increased from about 0.70 to about 0.95 or more in 
eight transfers. Selection was maintained further in two of these lines, PAN-1 
and PAN-4. Nic-2, al-2 nuclei disappeared from PAN-1 five transfers later, and 
still remained in PAN-4 ten transfers later, at which point the experiment was 
terminated. The data are shown in Table 1 and in Figure 1. 

The frequencies expected on the basis of p’ and p” are also shown in Table 1 
and in Figure 1. In the figure, the points on the broken or dotted lines are the 
predicted values for points at the same transfer on the “observed” (solid) curve. 
The predicted values have been connected to reveal more clearly any consistent 
deviations from the observed values. Statistical comparison of single observed 
and expected values was deemed unsuitable because of the unknown extent of the 
variation of individual estimates of p. 

The points on the p” curve show a large and consistent deviation from those 
observed. The assumption basic to this prediction, namely that only hetero- 
caryotic conidia grow, clearly does not describe the course of selection. In the 
case of the p’ prediction, the points agree very well with those observed. However, 
the agreement is meaningful only before the frequency of pan, al-1 nuclei reaches 
0.95. Above this range, the quantification of the minority homocaryotic conidial 
type becomes increasingly difficult, and the variation in nuclear proportions from 
generation to generation becomes very slight. Thus the frequencies of pan, al-1 
nuclei in the PAN lines, before they reach the value of 0.95, may be compared to 
the prediction p’ by pooling the data for all four lines, and estimating (1) the 
average value of the differences of p and p’, and (2) the standard deviation of 
this difference. The average difference, that is, the sum of the differences (p—p’) 
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TABLE 1 


PAN lines: observed nuclear frequencies (p) and those predicted 
(p’ and p”) during the course of selection 























PAN-1 PAN-2 
Transfer p p’ p” Transfer Pp p’ p” 
0 .66 ue we 0 75 — x 
I 80 81 56 1 87 81 56 
2 .86 86 59 2 84 87 68 
3 88 89 58 3 .90 89 53 
91 91 54 + .92 93 54 
5 95 94+ 56 5 94 .93 56 
6 .96 95 64 6 .90 .96 .62 
. .96 .96 .68 7 .96 95 66 
8 .99 .97 Be 8 95 .97 58 
9 .99 .99 SY — 
10 98 99 59 nee 
‘ .996 me me Transfer p p’ p” 
15 1.00 0 76 f 
ee 1 83 58 
PAN-3 2 88 ‘ 64 
BPs nanathne p ez 3 91 89 5t 
0 pr ts 4 .96 91 54+ 
1 86 ee .62 5 95 .96 56 
2 86 87 59 6 .97 .98 61 
3 89 .90 Ba 7 .98 .98 68 
‘ .90 92 54 8 .98 .98 58 
5 87 .92 56 9 .98 .99 52 
6 .92 .90 61 10 .98 .98 59 
7 94 93 .67 14 .994 
8 98 95 58 16 .9994 
17 .9994 
18 .9999 
19 .9994 





divided by the 21 comparisons made, is + 0.0024. This indicates that the values 
of p conform very well to the prediction p’, and that the deviations are not con- 
sistent in their direction. The standard deviation of the difference, using 0.00 as 
the average, is 0.032; this value denotes the general magnitude of the differences 
of p and p’ and is not significantly different from the range of variations found 
in the replicate platings of individual heterocaryons. The simple assumptions in- 
volved in the p’ prediction, therefore, may be used to describe the course of selec- 
tion in the PAN lines. 

In all four of the NIC lines, in which pan, al-1 homocaryons were absolutely 
selected against, the frequency of the nic-2, al-2 nuclei, 1—p, increased from as 
low as 0.42 to 0.50-0.58, in which range it remained in subsequent transfers with 
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no consistent departures. The data are given in Table 2 and in Figure 2, together 
with the (1—p)’ and (1—p)” predictions. 
The relationship of the observed values of 1—p to the two predictions in the 
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Figure 1.—Changes in the observed (p) and predicted (p’ and p”) frequencies of pan, al-1 
nuclei taking place in the PAN lines during the course of selection. Key: p, solid line; p’, dotted 
line; p”, dashed line. 


TABLE 2 


NIC lines: observed nuclear frequencies (1-p), and those predicted 
( (1-p)’ and (1-p)” ) during the course of selection 























NIC-1 NIC-2 
Transfer 1—p (1-p)’ I-p)” Transfer 1-p 1-p)’ 1-p)” 
0 47 ar 3% 0 42 - *% 
1 50 71 49 1 49 BY 49 
2 54 72 50 2 57 mp 50 
3 58 70 St 3 58 71 oo 
4 58 75 32 4 53 70 ~ oe 
5 58 77 53 ~ 52 72 51 
NIC-3 NIC-4+ 
Transfer 1—p (1-p)’ 1-p\” Transfer l-p I-p)’ l-p)” 
0 46 ae a 0 33 7 .s 
1 52 72 A9 1 48 77 49 
2 54 72 50 2 51 14 54 
3 53 BY 52 5 54 yp" 50 
4 55 72 51 4 57 76 Jl 
5 50 70 52 5 57 .74 53 
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Figure 2.—Changes in the observed (1—p) and predicted ( (1-p)’ and (1-p)”) frequencies of 
nic-2, al-2 nuclei taking place in the NIC lines during the course of selection. Key 1-—p, solid line, 
(1-p)’, dotted line; (1-p)”, dashed line. 


NIC lines is quite different from that in the PAN lines. In the NIC lines, 1—p 
deviates widely from the prediction (1—p)’, and tends to follow the prediction 
(1—p)” instead. By comparing 1—p to (1—p)” in a manner similar to that used in 
the case of the PAN lines, the average difference between 1—p and (1—p)” is 
+ 0.029. This indicates that the observed values lay, on the average, consistently 
0.03 above those predicted according to the assumption that only heterocaryotic 
conidia grow. The standard deviation of the difference, using 0.03 as the average, 
is 0.03, a figure compatible with the range of variation found in platings of indi- 
vidual heterocaryons. 

Because the only stable value of (1—p)”, theoretically, is 0.50, and because the 
value of 1—p appears to be relatively stable at approximately 0.54, it is tentatively 
concluded that in the NIC lines, conidia homocaryotic for nic-2, al-2 nuclei are 
contributing slightly to the final nuclear population at each transfer. In light of 
the fact that 0.54 is the average value of 1—p for the NIC lines throughout the 
experiments, it is possible to estimate the proportion of mic-2, al-2 homocaryons, 
y, contributing to each generation. This is done by choosing the values of a, b, r, 
n, and (1 + p)++, for specific transfers, substituting these in Formula VIII, and 
solving for y. In Table 3 are presented the results of such an analysis for three 











ASEXUAL SELECTION 1301 


TABLE 3 


Representative values of y: Data for generation 2 of the NIC lines 1, 3, and 4, with observed 
and expected values of 1—p for generation 3, and calculated values of y* 











4 (1-p)", (1-p), 
Line Transfer r a b n (1-p), Expec. Observ. x 
NIC-3 2to3 414 .259 Bf 2.64 54+ 52 bs 0.04 
NIC-—4 2to3 414 292 .294 2.64 51 50 54 0.14 
NIC-1 2 to 3 482 .228 .290 2.64 54 51 58 0.24 
*r, a, and b are the frequencies of heterocaryons, pan, al—/ homocaryons and nic—2, al-2 homocaryons, respectively. 


n is the average number of nuclei per conidium. See text for further explanation. 


lines in the transfer from the second to the third generation. The transfers are 
chosen according to the differences between the observed and the expected values 
at the third generation. The first pair of values, differing by 0.01, gives y = 0.04, 
the second, differing by 0.04, gives y = 0.14, and the third, differing by 0.07, 
gives y = 0.24. To represent the general behavior exhibited by the NIC lines, the 
data of the third case listed may be taken, with the provision that (1—p); equal 
0.54. The latter value, the average of 1—p throughout, is 0.03 above the (1—p)” 
prediction. The value of y using this value of 1—p is 0.09, which is a rough ap- 
proximation of the extent to which nic-2, al-2 conidia contribute to each genera- 
tion if 1—p is maintained at an equilibrium value of 0.54. 

To summarize: (1) In the PAN lines, the selective value of pan, al-1 conidia, 
x, is 1.00, relative to the heterocaryotic conidial type. This characteristic leads to 
the reduction in frequency and the virtual disappearance of the nic-2, al-2 nuclear 
type after 15 to 20 transfers. (2) In the NIC lines, the heterocaryotic conidia 
appear to be the main contributors to each generation, and the selective advan- 
tage of the nic-2, al-2 conidia is approximately 0.09, relative to that of the hetero- 
caryotic conidia. This leads to the establishment of an equilibrium of the nuclear 
proportions which favors the nic-2, al-2 nuclear type slightly. 


The selective disadvantage of nic-2, al-2 


To disclose more clearly the apparent selective disadvantage of mnic-2, al-2 
conidia as compared to the heterocaryotic conidia in the NIC lines, homocaryotic 
cultures of nic-2, al-2 and pan, al-1 were isolated during the selection experiments. 
These were compared to the heterocaryon and to each other in various ways. 

1. The growth rates of pan, al-/ on pantothenate supplemented medium, of 
nic-2, al-2 on nicotinic supplemented medium, and of the heterocaryon on both 
types of media were found to be indistinguishable, by the tube method of de- 
termining mycelial growth rates (RyAN, BEADLE and Tatum 1943). In a second 
experiment, the nuclear ratios of three heterocaryons at the beginning and end 
of 450 mm growth tubes were determined. In no case was the difference in the 
value of p more than 0.03 at the beginning than at the end. This result indicated 
that the rates of increase of the nuclear types were essentially equal during the 
growth of these heterocaryons (PirrENGER and Arwoop 1956), and that the 
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disadvantage of nic-2, al-2 in the NIC lines could not be explained in terms of 
nuclear competition in growing heterocaryotic mycelia. 

2. The early development of mycelia from conidial inocula was then studied. 
Slants of standard minimal and supplemented media, comparable to those used 
in the selection experiments, were inoculated with 0.1 ml of conidial suspension 
of pan, al-1, nic-2, al-2, or a heterocaryon. After 40 hours, the growth in tubes 
inoculated with nic-2, al-2 conidia in numbers similar to those used in transfer- 
ring the NIC and PAN lines was just visible as a thin network of hypae covering 
the slant. After the same interval, inocula of the same numbers of conidia of both 
pan, al-1 and the heterocaryon had given rise to rich mycelia with aerial my- 
celium. This result is consistent with the indication from experiments with the 
NIC lines that the growth of heterocaryotic conidia swamps that of mic-2, al-2 
homocaryons, whereas in the PAN lines, pan, al-1 and heterocaryotic conidia 
contribute equally to the next generation. 

This same method was used to test the effects of changes in the medium upon 
the establishment of mycelia. In a second series of experiments, the early growth 
of the heterocaryon and of nic-2, al-2 from conidial inocula was compared on 
combinations of one or two percent sucrose and nicotinic acid or nicotinamide. 
The medium used in the selection experiments, containing one percent sucrose 
and nicotinic acid, was found to be least favorable for the growth of nic-2, al-2. 
Growth proceeded somewhat faster on two percent sucrose and nicotinic acid, and 
the substitution of nicotinamide for nicotinic acid resulted in a developmental 
rate comparable to that of the heterocaryon. The growth of the heterocaryon did 
not differ significantly with these substitutions in the medium. The differential 
effect of nicotinic acid and nicotinamide has been mentioned by Barratt et al. 
(1954). This information will be utilized in the further selection experiments 
reported below. 

3. From the preceding experiments, there appears to be no competition be- 
tween pan, al-1 and nic-2, al-2 nuclei when they are associated in heterocaryons, 
but the early growth of nic-2, al-2 conidial inocula is retarded, compared to that 
of other inocula, on the medium used in the selection experiments. It is postu- 
lated then, that selection against nic-2, al-2 nuclei in the NIC lines operates before 
the fusion of germ tubes and mycelium developing from nic-2, al-2 and hetero- 
caryotic conidia. A more direct test of this assumption was made in the following 
experiment. 

It has been shown that the early development of mycelia derived from pan, 
al-1 and heterocaryotic conidia takes place at approximately the same rate. By 
inoculating slants containing both pantothenate and nicotinic acid with a 1:1 
mixture of pan, al-1 and nic-2, al-2 conidia, and determining the nuclear ratio 
of the resulting heterocaryon, the extent to which nic-2, al-2 nuclei are selected 
against may be found. Because the conidia of pan, al-1 and nic-2, al-2 are ina 1:1 
ratio in the present experiment, immediate fusion of their germ tubes would be 
expected to result in equal proportions of the two nuclear types in the hetero- 
caryon. As the concentration of the 1:1 mixture is increased, it is expected that a 
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1:1 nuclear ratio in the resulting heterocaryon will be approached. As fewer 
conidia are used in the inoculum, more growth may oceur before fusion, and 
selection would be expected to operate to a greater extent. 

The result of this experiment was that when 10° conidia were used, 1—p = 0.47; 
10° conidia: 1-p = 0.54; 10* conidia: 1p = 0.29; 10? conidia: 1-p = 0.15 (the 
10‘ tube was lost). These nuclear ratios indicate that selection against ric-2, al-2 
becomes more pronounced as the concentration of conidia decreases. It is con- 
cluded that selection against nic-2, al-2 in the NIC lines operates before the fusion 
of growth from conidia used in the transfers. 


Further selection experiments 


The following brief selection experiments were made to check the previous 
findings, to test the effect of different initial proportions, and to test the effect 
of different media, all with a view to testing further the hypotheses presented 
above. 

1) A heterocaryon constituted of 0.21 pan, al-1 and 0.79 nic-2, al-2 nuclei was 
serially transferred on pantothenate supplemented medium for six generations. 
The value of p rose to 0.97 in six transfers, and was reasonably well in accord 
with the p’ prediction (Figure 3a). 

2) A heterocaryon containing 0.80 nic-2, al-2 nuclei was transferred on nico- 
tinic acid supplemented medium for seven generations. The proportion of nic-2, 
al-2 nuclei declined within three generations to 0.51, and followed the (1—p)” 
prediction rather closely. After these three transfers, the medium was changed to 
contain two, instead of one percent sucrose. From this time the observed curve of 
1—p consistently rose, departing from the (1—p)” prediction, and followed a 
middle course between (1—p)’ and (1—p)”. The data are shown graphically in 
Figure 3b. The difference in the behavior of the heterocaryon on the two levels of 
sucrose may be understood in terms of the beneficial effect of added sucrose on 
the rate of mycelial development of nic-2, al-2. 

3) A heterocaryon containing 0.55 nic-2, al-2 nuclei was transferred for four 
transfers on nicotinamide supplemented medium. Here, the 1—p curve follows 
the (1—p)’ prediction (Figure 3c), and the final proportion of nic-2, al-2 nuclei 
was 0.92. Nicotinamide appears to equalize the selective advantage of nic-2, al-2 
and heterocaryotic conidia, a finding also indicated by the effect of nicotinamide 
on the rate of mycelial establishment of nic-2, al-2. 

4) A heterocaryon containing 0.17 pan, al-1 nuclei was transferred for seven 
generations on minimal medium. In this case, the p curve follows p” quite 
closely at first, but then tends to fluctuate slightly above 0.50 (Figure 3d). The 
p values average 0.023 above the p” prediction. The discrepancy may represent 
a slight differential mortality of nic-2, al-2 conidia over pan, al-1 in plating for 
nuclear ratio, but the experiment indicates that p will stabilize around 0.50 if 
heterocaryotic conidia are the sole contributors to each generation (See Theory 
and Notation). 
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Ficure 3.—Changes in nuclear frequencies taking place during selection of heterocaryons 
on different media. Key: p or 1—p, solid lines; p’ or (1—p)’, dotted lines; p” or (1—p)”, dashed 
line. 


DISCUSSION AND CONCLUSIONS 


The foregoing experiments illustrate quantitatively the dampening effect of 
heterocaryosis on selection against “disadvantageous” nuclear types. In the PAN 
lines, where the nic-2, al-2 nuclear type was selected against, the loss of nic-2, 
al-2 nuclei was rapid when it was present in high frequency, but may be main- 
tained at low frequencies for considerable periods of time. The latter feature 
permits the heterocaryon to adapt readily to a reversal of nutritional conditions. 
In the NIC lines, where nicotinic acid is the supplement in the medium, both 
pan, al-1 and nic-2, al-2 nuclei are maintained in almost equal frequency. Here, 
under conditions where nic-2, al-2 and heterocaryotic mycelia may grow at the 
same rate, mic-2, al-2 homocaryons appear to be selected against almost as 
strongly as pan, al-1 homocaryons, and heterocaryotic conidia are the main 
contributors to each generation. The slow rate of germination of nic-2, al-2 
homocaryons, as compared to the heterocaryons, appears to be a sufficient ex- 
planation of this finding. 

The model which has been proposed has been tested by comparing predictions, 
based on simple assumptions, with the observed changes in nuclear proportions. 
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The predictions p’ and (1—p)’ are based on the assumptions a) that conidia of the 
homocaryotic class selected for and of the heterocaryotic class develop at the 
same rate, b) that the two nuclear components of heterocaryotic mycelia divide 
at the same rate, c) that each conidial type have the same average nuclear num- 
ber, and d) that there be no differential mortality of conidial types in testing for 
nuclear ratio that does not also prevail in the transfer procedure. The basis of the 
predictions p” and (1—p)” differ only in the first assumption, which is in this 
case modified to state that only heterocaryotic conidia develop. 

The first assumption and its alternate may be modified quantitatively in the 
light of experimental data, as seen in the case of the NIC lines. The second as- 
sumption finds support in the line transferred on minimal medium (Figure 3d) 
and in the observed stability of nuclear proportions during mycelial growth. The 
third point, (c), is open to some question, being only partially justified (ATwoop 
and Muxar 1955). It is, however. a simplifying assumption which does not do 
much violence to the accuracy of the estimations and predictions. A modification 
of the model based upon the assumption of random association of nuclei in 
conidia, and the concomitant inequalities in nuclear number of the three conidial 
types would not affect the interpretations appreciably, except in the case of highly 
disparate ratios. All data are reasonably consistent with the last assumption, al- 
though no direct proof of it has been obtained. 

The data, therefore, may be analyzed in terms of the model quite well. There 
is room for minor changes in the model, based upon more refined data, but 1ts 
present form is the simplest that may be derived from the present knowledge of 
the system. 

In the context of the experiments, in which one homocaryotic conidial type is 
absolutely selected against, the model allows one to determine the selective value 
(x or y) of the other homocaryotic conidial type in relation to the heterocaryotic 
type. This is a valid calculation only if it is known that the nuclei involved in 
heterocaryotic conidia and mycelia have in general the same division rates. Thus, 
when the homocaryotic conidial class selected for has a selective value equal to 
or greater than 1.00 (relative to the heterocaryotic type), the frequency of the 
corresponding nuclear type may reach the value of 1.00. However, if its selective 
value is anything less than 1.00, both types of nuclei will be maintained in a 
large population permanently under constant nutritional conditions. The equi- 
librium nuclear proportions are dictated by the relative selective value of the 
two viable conidial types. This is an inescapable feature of Formulae VII and 
VIII. 

The formulae presented may be modified to conform to other selective condi- 
tions. For instance, if the heterocaryotic and one homocaryotic conidial types 
have equal selective values, and the third conidial type has a selective value be- 
tween 0 and 1.00, the right hand sides of Formulae II and III may be changed to 


Pp 1—p 
atrtyb °™ Srtxa 





, respectively. Also, if both homocaryotic conidial types 
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have selective values less than that of the heterocaryotic type, Formulae V and 
VI may be expanded te take this into account. 

Whether the model proposed here may be applied to similar patterns of selec- 
tion in nature remains to be determined. The strains of N. crassa used here, 
although not representative of naturally occurring ones in their genetic hetero- 
geneity, do illustrate the fate of nuclei bearing certain genes which are “reces- 
sive” in the sense of BEADLE and Coonrapt (1944). The model would have to be 
elaborated further to take into account such factors as incomplete recessiveness 
and differences in the division rates of different nuclear types in heterocaryons. 

A last point is the comparison of nuclear selection in N. crassa and the theo- 
retical pattern of selection against a lethal gene in diploid populations. The two 
types of organisms are exactly comparable in the following particulars: 

1) A “deleterious” element (gene or nucleus) of the population may have little 
effect when associated with an advantageous element, but may be lethal when 
not so associated. 

2) The reduction in frequency of a deleterious element may be referred to the 
lack of fitness of the recessive homozygotes in one case, and of disadvantageous 
homocaryons in the other. 

3) As the frequency of the deleterious element decreases, a greater proportion 
of them are associated with the advantageous element. The rate of disappearance 
of the deleterious element therefore becomes slower and slower with time. 

4) If the “deleterious” element should, through altered environmental circum- 
stances, come to have a greater selective value than its alternate. selection may 
restore the former to prominence rather quickly. The maintenance of variability 
is therefore of considerable significance in unstable environments. 

The systems are different in these respects: In diploids, sexual reproduction 
is a process by which combinations of genes are made; these combinations are 
made in pairs. In N. crassa, asexual reproduction of a heterocaryon involves the 
association of nuclei. The number of nuclei in each conidium may vary from 
one to ten or more. 

With these points in mind, one may graphically compare the process of selec- 
tion in the two types of organisms. In Figure 4, the frequency of the “lethal” 
gene or nucleus is plotted against the number of generations of selection. The 
points on the curve of the disappearance of the recessive lethal gene in diploids 
are calculated from the simple formula: g, = q./(1 + nq.) (DoszHaNsxky 1953), 
where gq, is the initial frequency of the lethal (0.34 in the present example), and 
n the generations of selection. The curve for NV. crassa nuclear proportions is that 
of the PAN-1 line; g in this case represents the frequency of the mic-2, al-2 
nucleus, starting at 0.34. 


It may be seen that the maintenance of recessive lethals in diploids is more 
efficient than maintenance of “lethal-bearing” nuclei in NV. crassa. The level of 
the lethal nucleus in N. crassa drops below 0.01 between the tenth and fifteenth 
generations, whereas this level is reached by lethals in large diploid populations 
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Ficure 4.—Graphic representation of the decrease in frequency (gq) of a “lethal” nucleus over 
ten asexual transfers of a heterocaryon of N. crassa or of a lethal gene during ten generations of 
random interbreeding of a diploid population. 


only by the ninety-eighth if g, = 0.34. The similarity in the pattern of change, 
however, is attested to by the general shape of the two curves. 


SUMMARY 


1. Conidial transfers of heterocaryons of biochemically deficient nuclear types 
of N. crassa have been made serially on media on which one of the homocaryotic 
conidial types could not propagate. The changes in the nuclear proportions over 
many generations have been observed, and compared to the changes expected on 
the basis of the conidial frequencies of the transfer inocula. 

2. From known factors of the system, an algebraic model has been proposed to 
account for the observed changes in nuclear proportions during selection. This 
model includes a method for determining the selective values of conidial types 
under different nutritional conditions. 

3. It has been found that nuclear types absolutely selected against may be 
maintained in a nuclear population for a considerable number of transfers by 
the association with another type in heterocaryotic conidia. This allows a hetero- 
caryon to adapt quickly to changes of nutritional conditions. 

4. The pattern of selection operating during the asexual reproduction of N. 
crassa heterocaryons has been compared to that operating during the sexual re- 
production of diploids. 
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N estimating the genetic hazards of ionizing radiations to populations, it is im- 

portant to know the frequency distribution of induced mutations in relation to 
the severity of their effects. Although it is well known that these effects vary 
from extreme to slight. most investigations have concentrated on large effect 
mutations; not only are these more easily detected, but they are likely to be of 
greater importance to an affected individual. However, mutations of small effect 
may be of considerable consequence to a population as a whole. And if their 
relative frequency is high, they may be of greater collective importance than 
are those whose effects are drastic. 

There are few organisms where extreme technical difficulties do not preclude 
the detection of individual induced mutations of small effect. At present, studies 
of the frequency distribution of severities of induced mutations have been con- 
fined largely to Drosophila. Our knowledge of the effect of mutations in the 
homozygous state is derived mainly from the classic investigations of TIMOFEEFF- 
Ressovsky (1934), and of MutLer (1934) and Kerkis (1938). These showed 
that the ratio of detectable detrimental mutations to complete lethals is two or 
three to one. Because of technical difficulties, none of these studies provided re- 
liable information on the severity distribution of nonlethal mutant effects. More 
recently, MuLLER (1950) has presented indirect evidence that the distribution is 
bimodal, with cne peak toward the lethal end and a second peak toward the 
normal end. 

Yeast is singularly well adapted to an investigation involving the detection of 
mutant genes, and experimental techniques are available for studying much 
smaller individual mutant effects than can be detected even in Drosophila. This 
organism thus permits a study of the “normal” end of the distribution curve, 
about which we are at present almost completely ignorant. The organism can 
also be used to provide confirmation of the Drosophila results which now stand 
almost alone. The present report is concerned with the frequency distribution of 
X-ray-induced mutations as they affect the quantitative character of growth 
rate in yeast. 


TECHNIQUES AND PROCEDURES 


With Saccharomyces cerevisiae, mutants can be detected and their effects esti- 
mated without recourse to backcrossing, since the organism can reproduce in 
both the haploid and diploid phase. Furthermore, a single diploid cell normally 
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produces its meiotic segregants in the form of a group of four ascospores; if a 
simple genetic change has occurred, the segregants include two identical mutants 
and two “built-in” controls. Finally, repeated sampling can be accomplished 
through vegetative reproduction of a diploid cell prior to sporulation. 

General procedure: The basic features of the experimental procedure are out- 
lined in Figure 1. The descendants of a single inbred diploid cell were cultured 
through approximately 20 generations to the stationary phase. The cells were 
then transferred to buffer solution and divided into two cultures; one of these 
served as a control population and the other was irradiated. Both cultures were 
plated to yield 10-20 colonies per plate. A single-cell isolation was made from 
each colony as soon as these became clearly visible to the naked eye. Each cell 
was incubated for three days on a droplet of fortified agar medium at 21.5°C and 
the resultant clone was refrigerated in broth culture. These clones were sporu- 
lated and the haploid segregants of individual asci were used directly to estimate 
the genetic effects of irradiation. 

Various phases of the experimental and analytical techniques will be described 
in detail in the following sections. 

The character: The quantitative character, growth rate, was chosen for in- 
vestigation in the expectation that it would be affected to some extent by a large 
proportion of all mutations. Further, in terms of selection pressures, rate of 
growth in yeast is analogous to the character, “ability to reach adulthood,” 
commonly used in comparable investigations of Drosophila. 

Special precautions are necessary if growth rate is to be a sensitive indicator 
of mutation. Because yeast is a unicellular organism, rate of growth can be de- 
scribed only in terms of population increase. Thus, although any clone may be 
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Ficure 1.—General procedure for detecting mutants. 
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thought of as an “individual” for the purposes of this investigation, it would 
nevertheless respond as a population to selection pressures if there were internal 
mutations. As a result, spontaneous mutants might become predominant very 
quickly. Within a haploid culture such subsequent mutations can alter growth 
rates so as to obscure initial segregational differences; within a diploid culture 
they can lead to heterogeneity if not to complete replacement of the genotype. 

With haploid segregants. the influence of spontaneous mutations was largely 
avoided by obtaining estimates of growth rate before such mutants had an op- 
portunity to alter the population; the entire progeny of individual ascospores was 
used to estimate growth rate, and the collection of data was completed by the 
time an ascospore had produced no more than 20 generations of progeny. Genetic 
shifts within diploid cultures were kept to a minimum by permitting as little 
cell reproduction as was practicable in the imterval between irradiation and 
sporulation. 

Estimates of growth rate were calculated from the diameters of microcolonies 
derived from single ascopores. Fortuitously, the logarithm of the diameter of a 
microcolony when plotted against time, yields a curve that is essentially linear 
between diameters of 0.1 mm and 1.0 mm (10° and 10° cells). This fact permits 
the estimation of relative growth rate and obviates the determination of actual 
rates of cell division. 

The procedure for growing haploid clones was designed to reduce environ- 
mental differences between any four segregants to a minimum. The four spores 
of an ascus were planted separately on a single large droplet of fortified agar 
medium on a coverslip. The whole was then inverted over a Van Tieghem cell, 
sealed, and incubated at 21.5°C. Dissections of asci were performed in daily 
“lots” of about 50. It was experimentally impossible to provide each test segrega- 
tion with an assured nonmutant control segregation. However, the number of 
segregations from control and from irradiated clones was kept equal in each lot. 
Furthermore, except in rare instances, each clone was represented only once or 
twice in any lot. This procedure reduced the effect of lot differences (attribu- 
table to minor fluctuations in temperature of incubation) on the mean growth 
values of segregants from different diploid clones. 

Details regarding medium and method of measuring microcolonies have al- 
ready been published (James and SpeNcER 1958). Because of the large number 
of estimates required, colonies were measured only twice, at approximately 48 
and 72 hours after planting of the spore. 

Two partially independent values, each reflecting growth rate, were extracted 
from the data for each microcolony. One of these, the “one-point” value, was the 
average increase per hour in logarithm of diameter between time of planting of 
the ascospore and the final measurement. The other value, termed the “two- 
point” value, was based on the average increase per hour in logarithm of di- 
ameter during that interval when the plotted growth curve was essentially linear 
(i.e. when colony diameter was between 0.1 mm and 1.0 mm). With the latter 
value, experimental procedure frequently did not, in fact, permit both readings 
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to fall within this interval. Here a correction was made by adjusting the loga- 
rithm upward to the theoretical value expected for a completely linear curve. 

Both growth values are, of course, influenced by other variables than the rate 
of cell division. The one-point value is affected by time of spore germination, 
and both values are affected by cell size and colony morphology. However, these 
factors are probably only of incidental importance, except with near-lethals, and 
here a large error does not-affect the interpretation of experimental results. The 
one-point values must also be affected by a slight convexity of the growth curves 
which is found when logarithm of diameter is plotted against time. This results 
in an underestimate of actual differences, but the error must decrease with de- 
creasing differences in colony diameters. The common origin of the cytoplasms 
of the four spores of an ascus may also lead to an underestimation of differences 
as determined by one-point values. 

The strain of yeast: An inbred line of yeast, termed 4819 in this laboratory, 
was used. The origin of this strain will be described in detail because the method 
of inbreeding undoubtedly influenced its genotype which, in turn, should be 
considered in an interpretation of the experimental results. 

Four methods of inbreeding were tried. One involved a search for mutants for 
sex within a suitable haploid line. It was intended that a mutant and nonmutant 
be mated to produce a diploid strain homozygous at all loci except sex. The 
second method involved a search for a mutant for sex within a self-diploidized 
line. Such a mutant could be detected by its ability to sporulate. Either method 
would yield an “unselected” homozygote but neither was successful. Recourse 
was then made to controlled “brother-sister’” matings of selected segregants. 
Numerous attempts to obtain an inbred line ended either in morphologically un- 
suitable strains or in serious lessening of the ability to sporulate. A satisfactory 
inbred line was finally obtained by a technique of uncontrolled “brother-sister”’ 
matings in which the intensity of inbreeding was reduced. Intact asci were 
isolated and incubated. Following selection of a diploid colony with good mor- 
phological features and sporulating ability, the process was repeated. Interest- 
ingly, in early generations the colonies were either uniformly haploid or diploid 
in appearance, whereas in later generations most of the colonies were obviously 
sectored for haploid and diploid cells. The inception of equal growth rates of 
haploids and diploids provides an indication of the point at which heterosis had 
been eliminated. 

At the end of 14 generations of inbreeding it was evident that the strain had 
become unsuitable for growth rate studies; it produced respiratory-deficient cells 
with an exceptionally high frequency. A detailed analysis of this behavior has 
been published (James and Spencer 1958). Stability was introduced into the 
strain in the following manner: haploid segregants of the fourteenth generation 
were plated and a stable variant colony detected by its smooth contours. The 
variant was mated to a nonmutant segregant of opposite sex. The resultant 
diploid was itself stable, but segregated 2:2 for stability, facts which indicated 
the presence of a dominant mutant gene. Stable segregants of this diploid were 
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mated to produce a sixteenth generation. Inbreeding was then continued in the 
usual manner for a further ten generations without the reappearance of in- 
stability. The final strain, 4819, having been inbred for 26 generations, was a 
fast growing diploid with satisfactory colony morphology and good sporulating 
ability. 


Compilation and statistical analysis of data 


Recessive lethals and near-lethals: Recessive lethals and near-lethals in yeast 
are easily detected since two of the ascospores from each heterozygote will not 
produce normal colonies. In many instances spore germination itself is not af- 
fected by the presence of a recessive lethal; lethal-bearing spores may germinate 
to produce at least one bud or even a minute microcolony. Such spores have 
been termed abortive and their initial growth can best be attributed to the der- 
ivation cf their cytoplasms from the heterozygote. As one might expect, the line 
between lethal and near-lethal is easily shifted with some highly detrimental 
mutations; segregations from:a single clone sometimes indicate lethality, at other 
times near-lethality (see Table 2). The extensive testing required to demonstrate 
that a mutation was in fact lethal and not near-lethal was considered to be un- 
warranted, and a clone was classified as near lethal if any pair of affected spore 
colonies grew in the interval between 48 and 72 hours after planting. 

A single segregation of two normals and two lethals or near-lethals is a strong 
indication that a test clone is mutant, because such segregations in supposedly 
mutant-free cultures are rare (See Table 3). In practice, at least one more dis- 
section was made to confirm the genotype. If none of these yielded more than two 
“normal” spores, the clone under test was classified as mutant for a lethal or 
near-lethal. 

On occasion, recessive lethality is expressed by the complete inability of spores 
to germinate. Because this characteristic may also be attributed to damage at 
dissection. positive identification of such lethals requires repeated dissections. As 
germination of two or fewer spores occurred only eight percent of the time in 
presumed lethal-free clones, four dissections were considered sufficient for this 
purpose. 

Nonlethal mutations: Only data from those dissections which yielded four 
spore colonies were used in the detection of nonlethal mutations. Mutants were 
identified through analyses of variance; the pooled variance of individual tetrad 
growth values from a test clone was compared with that of an assumed non- 
mutant (base control) clone. It should be noted that this method does not take 
advantage of the paired nature of the data. 

To insure unbiased sampling, it was originally planned that each clone be 
represented by five segregations, excepting those instances where mutation was 
obvious. However, not infrequently, an individual segregation was clearly un- 
representative of the clone from which it was sampled. When this discrepancy 
was extreme, the mean square showed a significant departure from homogeneity 
and the data could be discarded. This procedure unfortunately reduced the data 
available for detecting mutants in some clones. An effort was therefore made to 
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identify as many as possible of these unrepresentative segregations prior to the 
analysis and to repeat the sampling, without in any way biasing the data. Dis- 
carded data are listed in Table 3. The measures taken to disclose them were as 
follows: 

(a) Data from a segregation were discarded when there was evidence of an ex- 
treme delay in germination of one or more ascospores. Although time of germina- 
tion was, in general, synchronized at low incubation temperatures, it was some- 
times evident that a delay had occurred. These delays directly affect the “one- 
point” growth values and increase the experimental error of the “two-point” 
growth values. Colonies were inspected microscopically at 24 hours, and data from 
a segregation were discarded if any germinating spore had produced six or fewer 
cells. 

(b) Data were discarded when cells of all four segregants from an ascus had the 
oval appearance of diploids, an observation suggesting that they had originated 
from a tetraploid. 

(c) Irregular segregations in which one of the four segregants was either an 
abortive or an excessively fast-growing variant were discarded. The latter were 
easily recognized; their diameters were relatively large (in excess of 0.3 mm at 
48 hours) and their colonial outlines very smooth. It is of interest that they were 
frequently accompanied by excessively slow-growing segregants (see Table 3). 
A third type of irregular segregation, one involving the appearance of respira- 
tory-deficient segregants. was known to occur but was not el!minated prior to 
analysis. 

(d) Exceptional segregations suggesting genetic heterogeneity within a clone 
were discarded when heterogeneity for lethals and near-lethals or for fast- 
growing variants of the type described above were involved. 

When the effect of mutation was extreme its direction (i.e. positive or negative ) 
was obvious. The direction was less apparent for smaller effects because daily 
fluctuations in temperature of incubation, although minor, created significant 
differences between mean growth values for lots. A discrimination was achieved 
by the use of presumed mutant-free clones. These constituted all clones in which 
the mean growth values of the two slower and the two faster segregants differed. 
on the average. as little or less than did the two corresponding segregant pairs in 
the base control (2.3 percent). Data obtained with these clones were now used to 
calculate an over-all mean growth value of 29.4 and an adjustment for each lot. 
These lot adjustments were then applied to individual segregant values of all 
test clones. The over-all mean growth value for segregants of each test clone was 
now compared with the value 29.4. The direction of variation was determined by 
the sign of the difference. An error in the estimated mean growth value for non- 
mutant segregants would, of course, affect the relative numbers of positive and 
negative test clones in those clones where mutation was not detected. However, 
the estimated extent of a mutant effect, whether or not it is demonstrated statis- 
tically, will not be affected by any error in this value. 
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RESULTS 


Survival of diploid cells after exposure to 30,000 roentgens was 46 percent, as 
measured by formation of visible colonies. Thirty-four unselected control colonies 
and 100 unselected colonies from plates of irradiated cells were picked and the 
clones derived from them were tested for genotype. Surprisingly. statistical analy- 
sis showed that the one-point growth values were a more sensitive measure of 
genotypic differences than were the two-point values. and unless otherwise stated 
the former are used in the presentation of results in this report. 

Gross results are presented in Table 1. Details of the different genetic effects 
will be treated separately. 


Sporulation 


Of the 134 test clones. 16 from irradiated cells could not be induced to sporulate. 
Spectroscopic analysis (by the method of Raut 1953) indicated that seven of 
these were respiratory deficient. The data thus indicate an induced frequency of 
seven percent for respiratory deficiency and of ten percent for other changes 
involving an inability to sporulate. These clones were not further tested. 


Gross chromosomal aberrations 


In yeast, reciprocal translocations would lead to the production of equal num- 
bers of asci from which none or all of the segregants are viable. Asci containing 
two viable and two inviable spores would also be expected, their frequency 
depending on the distance between centromere and points of breakage. 

There was evidence that few if any of the lethal-free clones, whether control 
or irradiated, contained reciprocal translocations. Although many of these clones 
were insufficiently tested to unquestionably disprove the presence of a translo- 
cation, complete segregant failure was found in only two of 34 control clones 
aid in five of 62 irradiated clones free of lethals or near-lethals. Here the failures 
occurred as isolated instances and the highest frequency was one in seven asci. 
It is quite possible that some of the clones classified as heterozygous for lethals or 


TABLE 1 


Mutants detected among control and irradiated cells of a yeast population 





Percent 
est mated 


induction 
3 


ireane cy 

Type Cortrol Irradiated 30.0001 
Respiratory-Deficient 0 7 7 
Nonsporulating 0 9 10 
Lethal 0 13 17 
Near-Lethal 1 9) ey 
Mutant for Growth & 31 ( sa 
Nonmutant 25 31 


Total Cells Tested 34 100 
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TABLE 2 


Segregations of clones classified as heterozygous for recessive lethals or near-lethals 











Clone no. Clone no Clone no. Clone no. 
C-22 +-+A‘*tA* I-23 ++—-—— I-56 +-+A*A* I-83 -+-+A*A* 
++—A' ++-— ++—— ++AA 
ote es 
12 ++ Ata 1-29 ++AA I-59 ++AA 1-93 ++ —At 
+—AtAt 5 ts eae +s—A 2 et 
++—— 
163 ++AA ++—— 
16 ++A‘A* 1-30 ++A*A +4+—— 
++ Att ++ Aca" ++—— 
++ AtAt +4—— 1-54 ++A‘At 
icon anid 
++AA I-66 ++AA +AAA 
7 ++AA ++AA iene 
++AA 5 Ge ce + — — — 
++AA ea I-60 +AAA 
++ —A 1-69 +-+A‘At decconih 
1-52 +-+A*A* +--+ A*A* —AAA 
I-18 +-+ AtaAt ++AA ++AA 
++ AtAt ——AA +——A 
++AA +——— 
++AA 7% ++4+—- Bios di 
++AA I-53 ++AA : a eet 
++AA —- ++—— 
+—AA et Bes ae a ++-— I-89 +AAA 
— S| +AAA 
ey or +AAA 
sa mad =f & 
* Cells of spore colonies appeared diploid. 
+ Spore produced a ‘‘normal’’ colony. 
A+ Spore germinated to produce a minute but growing microcolony. 
A Spore germinated to produce one bud or a stationary microcolony. 
— Spore did not germinate. 


near-lethals were actually translocation clones. However, the fact that all clones 
segregated “lethals” either consistently or else only rarely (see Tables 2 and 3) 


suggests that translocation clones were not frequent in this class. 


Of the 34 control clones, one was classified as heterozygous for a near-lethal. 
Of the 84 sporulating clones derived from irradiated cells, 13 were classified as 
heterozygous for lethals and nine as heterozygous for near-lethals. Segregations 
of these clones are presented in Table 2. There can be little doubt of the high 
accuracy of the lethal-near-lethal classification. The subclassification of the 
clones into lethal or near-lethal is no doubt less accurate (see previous discussion) , 


Recessive lethals and near-lethals 


but certainly there is a cluster of near-lethals. 
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TABLE 3 


Statistical analyses of clones free of lethals and near-lethals 








bi 2 3 + 5 6 7 8 9 10 
Base C-5 100 10 9 4(++-+A) 11 64 .977 
control 1(+-+AA) 

1(++++——) 
Control C-1 9 3 0 1(++AA) 0 5 1.024 
-2 8 2 1 0 3 2 .985 
-3 6 1 0 0 1 4. 1.019 
—4 5 2 1 0 0 2 .863 ee 
5 7 2 0 0 0 5 .982 
-§ 7 1 1 0 1 4 1.013 
7 12 2 1 3(+++4++4++-) 0 5 .982 
GP = say 
-8 5 0 0 0 0 5 1.111 = 
-9 12 a 3 0 0 5 .974 
—10 3 0 1 0 0 2 .868 i 
-11 8 1 2 0 0 5 949 na 
—12 8 3 0 0 0 5 .973 
—13 7 1 0 1 tetraploid 0 5 .959 i 
—14 6 0 1 0 0 5 1.027 
-15 7 1 1 0 0 5 .968 
—16 5 0 0 0 1 4. .976 
-17 8 1 1 0 2 3 .981 
-18 6 1 0 0 1 + .980 
—19 10 3 1 1 (++ +++ +) 0 5 1.023 
~20 12 5 2 0 2 3 1.020 
—21 9 2 1 1(+-+ ++ ——) 0 5 .979 
—23 8 s 1 0 0 5 1.092 7 
—24 10 a 1 Q 0 5 1.017 
~25 7 1 1 0 0 5 914 ve 
—26 9 2 2 0 0 5 1.018 
27 7 { 0 0 0 3 399 ** 
~28 6 0 0 BE a a 0 5 972 
—29 5 0 0 0 0 5 1.020 
—30 6 0 1 0 0 5 .971 
31 9 2 1 1(++-+A) 1 a 981 
—32 6 0 1 0 1 + 976 
—33 12 5 2 0 3 2 984 
—34 10 3 2 0 0 5 972 
Irrad. I-1 9 3 1 0 3 2 991 
3 7 1 1 0 0 5 1.030 
—4 € 0 0 1(++++—-) 0 5 975 
5 7 0 0 1 tetraploid 1 4 .987 
1(+4+++——) 
-8 9 + 0 0 0 5 806 fi 
1.103 
-9 2 0 0 0 0 2 387 re 
-11 6 1 0 0 0 5 965 ba 
-12 6 0 1 0 0 5 977 
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TABLE 3—(Continued) 





~42 


_ — 


— 


— _ — 
om OMAN PONANKANAAINKOWNNAFCOAn 


WQOAKFKwWDDNWN 
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wonv Ft won oc 


QaQororodscr- nr ve Ree Pohponwon-W = 


wo we we w 


Or 


woonoceosoc 


onONF KY NOOO = 


o_ 


woorooro- 


onorwW 


1 tetraploid 
1(++-+-+ AA) 
1(+++4+4+4+ A) 
1(4++-+AA) 

1 (++ + + A) 

0 


(+++4) 
(++++-) 


(++ ———) 
tetraploid 
(++AA) 
So ie adhe 


corm WORK oororooooocoon $- & 


(++AA) 
(+4+++4+-) 


omrn OO OC CO OC 


0 
1(++4+++4++4) 
0 


0 
1(++AA) 


oon Fr OO 


wooowdcdcs 
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f-) 


orr oooc °o 


ooor- 


Avnnrnrw st San 
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Or ow 
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AaAanp a 


1.094 


979 
.965 
981 
.968 
.982 
979 
.983 


.965 
.962 
1.012 


1.017 


1.135 


1.027 
.972 
.970 

1.016 


10 


** 


** 


** 


** 
“* 
“* 
** 
** 
** 
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78 2 0 0 0 0 2 .798 a 
—79 8 0 3 0 0 5 .952 ai 
80 9 1 3 0 0 5 554 ar 
—81 10 4 0 1 ( + A A) 0 5 977 
—82 10 5 0 0 2 3 .994 
—84 8 3 0 0 0 5 822 sia 
—86 6 1 0 0 1 4 .983 
—87 11 5 0 1(++4++4+4-) 1 4 1.024 
88 10 3 1 1(t+4 A) 1 4 972 
—91 9 7 0 0 0 z .943 = 
—92 3 0 0 0 0 3 765 — 
~94 11 4 1 2(+4++4+-—-) 0 3 .871 bis 
1(++-+ A) 
~98 11 4+ 3 0 3 2 1.018 
* Meanings of numbers used as column headings: 1|—Source. 2—clone number. 3—No. asci dissected. 
+—No. asci in which germination of spores was incomplete 
5—No. asci in which germination of one or more spores was delayed 
6—Exceptional segregations: +. “‘normal’” colony; + +. excessively fast: —. excessively slow: A. abortive. 
7—No. segregations eliminated from data’as statistically nonhomogeneous. 
8—No. segregatiens used in detection of mutation 
9—Phenotypic effect. This is the mean clonal value for the sum of two more variant segregant growth values divided 
by the sum of the two less variant growth values. The term is a measure of the fractional increase, or decrease. in 
rate of growth of the more variant segregants of a clone. For example. if the phenotypic effect is .850. then the 
rate of cell division of the two slower segregants has been estimated to be. on the average. 85 percent that of the 
two faster (and presumably nonmutant) segregants. Effects for I-S and I-49 were calculated from appropriate 
segregant values. I-67 produced only one nonmutant segregant: here estimates were obtained by using values 
derived from presumed mutant-free clones. It happened that all clones having effects lower than .965 or higher 


than 1.036 were classified as probable mutants in statistical tests 
10—Of statistical significance. ** indicates significance of the variance ratio at the 0.01 level. 


Clones containing lethals or near-lethals fell into two categories: (1) those 
with segregations best explained by the presence of a single detrimental or at 
least not at variance with this interpretation, and (2) those with segregations 
indicating a more complex genetic change. The four clones of column 4, Table 2, 
fall into this latter category. It is possible that inversion or dominance of a gene 
affecting germination is responsible for this complex behavior but it is not neces- 
sary to invoke such an interpretation. The frequency of clones with lethals or 
near-lethals is so high as to lead to the expectation that several clones contain 
two or more of independent origin. It seems likely that the instances of complex 
lethality are of this nature. An X-ray-induced frequency of 17 percent for lethals 
is indicated. 


Nonlethal mutations 


Growth-rate data from all clones that did not contain lethals or near-lethals 
were submitted to statistical analysis. Summarized results are presented in Table 
3. Probable mutants were found in eight of 33 control clones and in 31 of 62 
“irradiated” clones. The five percent level of significance was chosen as a criterion 
for classifying clones as probable mutants, but in fact all significant variance 
ratios reached the one percent significance level, so that the chance of overesti- 
mating the number of mutants is considered to be slight. 

Positive mutations: There was little evidence that any simple positive mutations 
were induced by X-rays. The frequency of positive mutations among control 
colonies was two in 33; among irradiated colonies it was five in 62. In each of 
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these instances, the mutant effect was so extreme as to be clearly evident from 
a visual examination of the segregant colonies. 

The two control clones, C-8 and C-23, segregated as simple monohybrids for 
positive mutations. The five irradiated clones, on the other hand, showed greater 
complexity of the diploid genotype. Only one, I-41. segregated as a simple mono- 
hybrid. Complete and incomplete segregations from the remaining four clones 
indicated the following genetic constitutions: I-8 and I-49 behaved consistently 
as though heterozygous for both a positive and a negative mutation in which the 
negative mutation was epistatic to the positive. I-13 may have had an inversion; 
it produced akortive spores in four of five segregations. Otherwise it segregated as 
a monohybrid for fast growth. I-67 was more difficult to characterize; in four 
of five segregations it produced two obviously positive and two obviously negative 
mutant spores. The remaining segregation produced only one obviously positive 
mutant spore but, again, two negative. Repulsion linkage of positive and negative 
mutant genes is a possible explanation of the behavior of this clone. 

Nonlethal negative mutations: Negative mutations other than near-lethal 
were detected in six out of 33 control clones and in 28 out of 62 irradiated clones. 

The frequency distribution of the effects of the various mutations is shown 
in Table 4. Here all test clones have been arranged by their “phenotypic” effects. 
It is evident that the distribution of mutant effects is bimodal; there is a peak at 
the near-lethal end and a second peak at the near-normal end. 

Further, it is apparent that the distribution in the regions adjacent to the 
normal is greatly skewed; there is a preponderance of negative over positive 
effects. This is best shown in Figure 2, where the frequency distribution at the 
normal end is presented in expanded form. It seems likely that few if any unde- 
tected positive mutations were induced. 


DISCUSSION 


There can be no doubt that the techniques used here were successful in per- 
mitting the detection of mutations of both large and small effect. However, in 
such an investigation as this, biases in the data, even if small, can seriously affect 
the interpretation of results. Consequently, it is pertinent to consider the extent 


TABLE 4 


The frequency distribution of phenotypic effects in clones derived from control and irradiated cells 
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Lethals Near-lethals Negative mvtants mutants ‘Total 
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* I-8 and I-49, being obviously heterozygous at two loci, are each represented twice. I-67 is unrepresented. 
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Figure 2.—The frequency distribution, by phenotypic effect, of near-normal clones from 
individual control and irradiated cells. The discontinuity between 0.975 and 1.025 is necessitated 
by the expected rarity of values in the region of 1.0. 


and direction of any biases in the information with respect to (a) clones tested 
and (b) population sampled. 

(a) As to the test clones themselves, it is most unlikely that any classed as 
mutant for small effects were in fact nonmutant. But clones classed as mutant for 
larger effects were less thoroughly sampled and additional dissections might have 
disclosed that some of these were heterogeneous in genotype. Again, it is entirely 
possible that some mutant clones passed undetected. If so, most of these must have 
been small-effect mutants: (1) Further sampling of individual clones might well 
have extracted additional minor mutations but could hardly have uncovered any 
additional major mutations. (2) Minor mutations would not have been observed 
in dihybrids for minor and major mutation because of the nature of the statistical 
treatment. (3) Adjustments for heterogeneity of variances within clones, in re- 
taining more uniform data and eliminating more exceptional data, almost cer- 
tainly resulted in the classification of some mutants as nonmutants. Here also 
the frequency of minor mutations would be more greatly underestimated than 
the frequency of major mutations. One may suspect that the procedure also 
resulted in the classification of dihybrids for two minor mutations as nonmutants. 

Concerning the estimates of mutant effect, the distribution of these is biased 
by an underestimation of the mutant effect in slow growing segregants as men- 
tioned previously. But the two-point values, corrected for curvilinearity of the 
plotted growth curves, provide a measure of the extent of this bias. In Figure 3 
the phenotypic effects as derived from each set of values have been plotted against 
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Figure 3.—Correlation of phenotypic effects in test clones as obtained from two partially 
independent sets of growth values. 


each other for effects between 0.65 and 1.0. It is evident that the bias is negligible 
in the near-normal range. 

(b) As to whether the clones themselves were representative of the sampled 
populations of cells, the most important factor to be considered is that of spon- 
taneous mutations. These may occur either before or after irradiation. Those 
which occur prior to irradiation are detected in the control and are thus of little 
consequence unless their frequency is exceptionally high. Those which occur 
after irradiation can be of greater importance because they are imposed on two 
populations which now differ in genetic constitution. However, even here they 
are of consequence only when they result in increased growth rate in diploids 
already suffering from a reduced rate of growth. Where these occur as true back 
mutations they reduce the mutation frequency as estimated. Where they occur 
at a different locus the resulting dihybrids are probably classified as such (1-13 
and I-62 may serve as examples) or, if both mutant effects were minor, as non- 
mutants. 

Induced somatic crossing cver and delayed mutation could both result in clonal 
heterogeneity and a reduction in estimated mutant frequency. It is, however, 
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unlikely that either of these phenomena occurs with sufficient frequency to affect 
the data seriously. 

Altogether, it seems reasonable to infer that the distribution of mutant effects 
is representative of the actual distribution but that the induced frequency of 
minor mutations is probably underestimated and the frequency of major muta- 
tions is, if anything, slightly overestimated. 

These results completely corroborate the Drosophila evidence that the distribu- 
tion of induced mutations is bimodal with respect to severity of effect. Further, 
the ratio of the frequency of induced nonlethal to lethal mutations. which must 
certainly be in excess of 3:1, is in approximate agreement with the Drosophila 
data. 

The experimental procedure permitted a study of the distribution of effects in 
a region previously unexplored in that it enabled detection of individual muta- 
tions which affect rate of growth as little as 3.5 percent. It is apparent that the 
frequency of deleterious mutations continues to increase as phenotypic effect de- 
creases, and in the most common class the depressing effect of individual muta- 
tions is 3.5 percent or less. 

Perhaps the most interesting aspect of this study is to be found in its indication 
that positive mutations of small effect were induced with a low frequency if at 
all. Of 14 mutations having an effect of less than six percent, all were negative. 
It is, of course, generally accepted that the frequency of positive mutations, 
whether spontaneous or induced, is lower than that of negative mutations. This 
opinion is based partly on a priori reasoning and partly on results of research in 
the agricultural uses of mutations. There is, however, still considerable discus- 
sion as to how often, in fact. positive mutations can be expected on the basis of 
the Drosophila curve (see NEEL and ScHutt 1956). Under these circumstances 
it is worth considering whether the apparent absence of X-ray-induced positive 
mutations in this study can be regarded as a general phenomenon or merely as 
a property of the strain and character used. 

Certainly positive mutations for rate of growth would be rare in a strain long 
subjected to a constant environment. But growth rate in strain 4819 was obviously 
not maximal even though there was selection for an increased rate of growth 
during the inbreeding program that produced it; the introduction of stability in 
the fourteenth generation almost certainly resulted in a reduction in growth rate, 
and the presence of excessively fast growing variants in both control and ir- 
radiated populations attested to the ability of the strain to undergo positive 
mutation. 

The absence of small positive mutations in strain 4819 might be attributed to 
the presence of a single genetic block in a genotype otherwise constituted for a 


faster growth rate. Such a situation would necessitate the occurrence of a specific 
mutation before other and lesser positive mutations could be effective. However, 
under such a hypothesis one would expect small potentially negative mutations to 
be equally ineffective in the strain, and this was not the case. Furthermore it 
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might reasonably be expected that the effectiveness of minor mutations in any 
strain is dependent on prior mutation at one or a few loci. Under these circum- 
stances strain 4819 can hardly be considered exceptional. It therefore seems likely 
that the strain of yeast under study here is not exceptional and that X-ray- 
induced small-effect positive mutations are rare whereas small-effect negative 
mutations are abundant. 


SUMMARY 


The spectrum of X-ray-induced mutations, as they affect the quantitative 
character growth rate in haploid yeast was studied. Mutations with effects rang- 
ing from lethality to an estimated 18 percent increase in rate of growth were 
detected. The smallest detected effect was estimated at 3.5 percent. The distribu- 
tion of induced mutant effects was bimodal, with a peak at the lethal and a 
second peak at the normal end. The ratio of induced nonlethal to lethal mutations 
was in excess of 3:1. The distribution of effects was massively skewed toward 
the normal end. No evidence of X-ray-induced small-effect positive mutation 
was found, although mutations of large positive effect were present in both con- 
trol and irradiated populations. 
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NTERACTIONS between genotype and environment are defined as the differ- 

ing behavior of similar genotypes in diverse environments. Evidence is accumu- 
lating that such interactions are common (LERNER 1958; MATHER 1955.) The 
mechanism by which populations react to different environments is difficult to 
assess; however, by definition. populations of genotypes exhibiting greater sta- 
bility or homeostasis than others are less liable to be affected by fortuitous fluctu- 
ations of the environment. Populations exhibiting a high degree of stability or 
homeostasis may be expected, therefore, to show genotype-environmental inter- 
actions of less importance than populations with low stability. 

In a population with low stability, the genotypic variance obtained in one 
environment may be radically different from that obtained in another, whereas 
in a population with high stability there should be a greater correlation between 
various environments. A critical factor in a breeding program is the magnitude 
of the genotypic variance of a population over the multiplicity of environments 
likely to be encountered. 

In this paper, data are presented on the ability of D. melanogaster larvae to 
emerge as adults under six different temperature regimes. Three inbred lines. 
their hybrids and the F, generation are considered in an attempt to study the 
relationships between homozygosity, homeostasis or stability, and the magnitude 
of genotype-environmental interactions. In a similar, but considerably smaller 
experiment. THopay (1953) studied the mean number of adults emerging from 
cultures of ten eggs for two inbred lines and their hybrids under four temperature 
regimes. He noted that the F, flies survived extreme temperatures better than the 
parents and therefore had greater stability for the specific environments involved. 
He did not, however, carry his analysis further than this. 


MATERIALS AND METHOD 


The three inbred lines were: 
Oregon (OR)—sib-mated for 260 generations. 
Sacramento (SAC)—sib-mated for 172 generations. 
Bikini (BIK )—mass inbred since 1947. 
The six possible F, hybrids and F,,’s are included in the analysis. 
Before commencing the main experiment, hatchability estimates were made 
from 20 samples of 150 eggs for each inbred line, F, and F,. From this study, the 


1 Present address: Department of Genetics, University of Cambridge, Cambridge, England. 
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number of eggs expected to give 150 larvae was calculated, hence providing a 
tolerably accurate method of ensuring approximately 150 larvae per replicate in 
the main experiment. Each replicate in the main experiment consisted of a vial 
with about ten gms of food in which the number of eggs expected to produce 150 
larvae was placed. Ten replicates of each inbred line, F,, and F, were set up for 
each of the following six temperature regimes: 


15°C 
24°C for eight hours and 15°C for 16 hours (24°/15°C) 
24°C 
24°C for eight hours and 31°C for 16 hours (24°/31°C) 
31°C 


31°C for 16 hours and 15°C for eight hours (15°/31°C). 

The flies at 15°C were kept in a refrigerator, those at 24° in a constant tempera- 
ture room and those at 31°C in a waterbath. At 10 a.m. and 6 p.m., the replicates 
under the fluctuating temperatures were changed from one temperature to the 
other, so that the 16 hour period represents the night and the eight hour period 
the day. 

At 15°C flies take 20 days to emerge on the average. compared with ten days at 
24°C, and eight to nine days at 31°C. The temperature 31°C was chosen as it 
is partly or wholly lethal to some strains. 

The adult flies were scored every two days until emergence was complete. The 
number of adult flies emerging from 150 larvae provides a measure of the com- 
bined effects of larval and pupal mortality. In THopay’s (1953) experiment, no 
correction for differential hatchability was made. His emergence figures therefore 
depended on hatchability as well as larval and pupal mortality. 

Hatchability estimates: The hatchability estimates are presented in Table 1. 
The hatchability of the OR and SAC inbred lines is low compared with BIK. The 
two techniques of inbreeding, sib-mating and mass inbreeding, may explain this 
difference. Under sib-mating, randomly selected single pair matings form each 
generation, whereas under mass inbreeding, flies are transferred in mass from 
generation to generation, so that competition is more severe and favorable geno- 
types, which are probably heterozygotes, may unconsciously be selected more 
readily than under sib-mating. The F, figures are, with minor exceptions, similar 


TABLE 1 


Hatchability estimates—mean number of hatched eggs from 20 replicates of 150 eggs 
with standard errors 





OR 134.3 + 4.5 OR x SAC 127.6 + 5.9 OR x BIK 141.7 + 3.6 
SAC 119.8 + 4.5 SAC x OR 117.6 + 7.6 BIK x SAC 142.2 + 3.2 
BIK 144.7 + 2.8 BIK x OR 141.1 + 3.3 SAC x BIK 132.8 + 7.0 
F,,’s 
OR x SAC 147.7 + 2.4 OR x BIK 147.8 + 1.1 
SAC x OR 146.8 + 2.2 BIK x SAC 139.3 + 3.7 
BIK x OR 147.1 + 2.0 SAC x BIK 147.1 + 2.5 
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in magnitude to the inbred lines. The crosses with BIK as the maternal parent 
give values similar to the BIK inbred line. 

The maternal parent appears to determine hatchability of the eggs, hence the 
F,’s and inbred lines hatched from eggs of the same maternal genotype give 
similar hatchability estimates. A similar result was obtained by CLtoucH and 
Cock (1957) in chickens. 

Similarly, the standard errors of the hatchability estimates are equivalent in 
magnitude between the inbred lines and F,’s. The standard error of the BIK in- 
bred line and the crosses with BIK as the maternal parent are smaller, on the 
whole, than the standard errors of the other inbred lines and crosses. This agrees 
with the interpretation that the BIK inbred line is perhaps more heterozygous 
than the SAC and OR inbred lines. The lesser variation of the BIK inbred line is 
an expression of its stability. The postulated heterozygosity of the BIK inbred 
line therefore gives it a superior homeostatic function compared with the SAC 
or OR inbred lines. 

The F, hatchability figures represent the ability of the F, eggs to hatch. These 
hatchability figures, with the exception of the mating BIK x SAC, are higher than 
those for the corresponding inbred lines and F,’s. On the whole, therefore, these 
hatchability figures demonstrate heterosis. Furthermore, the F.’s have lower 
standard errors than the inbred lines and F,’s, thus exhibiting a superior homeo- 
static function compared with the F,’s and inbred lines. As hatchability appears 
to depend on maternal parent, these figures are therefore in agreement with 
recent theories on the relationship of heterozygosity and homeostasis. 

Emergence of adults: In Table 2 the results for the emergence of adult flies are 
presented. Each entry represents the mean of ten replicates with its standard 
error. Marginal means are given for each temperature, inbred line, F,, and F: 
with their standard errors. A few observations may be made directly on this 
table without further calculation. 

At 24°C, the temperature at which the stocks were kept prior to the experi- 
ment, the highest proportion of larvae became adults. The next most favorable 
temperatures were 15°C and 24°/15°C. It is perhaps somewhat surprising that 
there is so little difference between the results for 15°C and 24°/15°C as a period 
at 24°C might have been expected to increase the emergence. Frequencies of 
emergence of adults from cultures kept at the three temperatures which included 
31°C were not as high as the frequencies observed with cultures kept at the other 
temperatures. As might be expected, the lowest emergence was obtained at 31°C. 
At this temperature, the inbred lines OR and SAC had very poor emergence (an 
average of eight and 17 respectively). A period of eight hours daily at 24°C or 
15°C and the remaining 16 hours at 31°C, was sufficient to increase the OR and 
SAC emergence two to eight times when compared with continuous exposure to 
31°C. 

The inbred lines OR and SAC generally appear to be very variable in response 
to different temperatures. The mass inbred BIK line is much more stable as 
shown by the average results for all temperatures. Furthermore, combining all 
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TABLE 2 


Mean number of adults reared from 150 larvae at various temperatures from three inbred lines, 
their F ,’s and F ,’s with appropriate standard errors (see text) 








Inbreds 15°C 24° /15°C* 24°C 24° /31°C 31°C 15°/31°C Mean 
OR 65+15 90+26 96+19 58+18 844 69+15 65+ 33 
SAC 90 + 17 92 + 14 86+24 49+ 14 17+8 41+ 11 63 + 33 
BIK 124+18 127+16 135217 106+20 111421 120+11 120+20 
F,’s 

OR x SAC 80 + 16 80+9 107 +8 88 + 10 87 + 26 76+19 86 + 19 
SAC x OR 0644+20 732418 98+12 72+15 52211 622+10 75+22 
BIK x OR 134215 133213 130%14 128217 123+ 23 98+20 124+ 21 
OR x BIK 132 +16 126212 135414 125+10 130412 104+11 1252416 
BIK x SAC 119+15 111219 132+14 109+14 111420 96+23 113+21 
SAC x BIK 422 i7 58 + 16 75 +17 47+8 38 +9 48 £9 56+ 19 
F..’s 

OR x SAC 113222 127210 133%16 107222 84213 101213 111+93 
SAC x OR 119+20 125+16 1352411 111210 101221 101%13 115+20 
BIK x OR 120+19 109+14 142415 137217 121413 113418 124+ 20 
OR x BIK 130+13 198219 132217 119219 194+8 124+17 125+ 16 
BIK x SAC 11722 1291217 127221 1082219 1299+ %4 90+14 113+ 23 
SAC x BIK 128416 130+15 146410 91437 70+25 109+20 112+ 33 





Mean for each 
temperature 109+28 108+28 120+26 96+33 86%+43 90229 





os This represents a fluctuating temperature. For eight hours of a day, larvae were exposed to 24°C and for 16 hours to 
15°C. For the other two fluctuating temperatures, 24°/31°C and 15°/31°C, the first temperature represents the eight hour 
period, and the last the 16 hour period. 


temperatures, almost twice as many flies emerge in BIK as in OR and SAC. Once 
again this is probably due to the difference between mass inbreeding and sib- 
mating for the inbreeding system. The relative stability of the BIK inbred line 
as compared with OR and SAC is obvious from the relative magnitudes of the 
standard errors of the marginal means. Hence, it may be postulated that the 
BIK inbred line is more homeostatic than the OR and SAC inbred lines. 

As might be expected, the two F, hybrids between OR and SAC are less vari- 
able in response to the temperature regimes than are the parental inbred lines. 
There is little evidence for a maternal effect, although the SAC x OR emergence 
is somewhat poorer than for OR x SAC. Using the mean of the two reciprocal 
F,’s, the possible existence of heterosis may be tested (Table 3). At the most un- 
favorable temperature, 31°C, there is very strong positive heterosis. Two other 
cases of positive heterosis occur (24°/31°C and 24°C). At 24°/15°C there is a 
degree of negative heterosis. Generally, there is a greater difference between the 
F, mean and the mid parental mean at the more unfavorable temperatures. The 
between temperature variability of the F, is much smaller than that for the two 
inbred lines. 

Turning now to the F,’s between OR and BIK, it is obvious that there is no 
maternal effect (Table 2). Slight heterosis is present in some crosses and BIK is 
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dominant in the others. The variance of the marginal means for these crosses 
corresponds to that for the F,’s between OR and SAC (Table 2). 

There was a large maternal effect between the hybrids BIK x SAC and 
SAC x BIK. The emergence of the hybrid SAC x BIK was much lower than 
BIK x SAC. For BIK x SAC there was, on the whole. no heterosis, and for 
SAC x BIK negative heterosis. As expected, the variances of these F,’s are low. 

The F. crosses all produced similar numbers of adult flies. The maternal effect 
observed between BIK and SAC in the F, was eliminated, and the F,’s between 
OR and SAC gave more offspring than the F, hybrids. The variance components 
are, if anything, a little greater than the variances of the F,’s indicating the effect 
of F. segregation. 

In Table 4, the analysis of variance of the data presented in Table 2 is given. 


TABLE 3 
Heterosis in the F , between OR and SAC 





Mean of 








Temperature reciprocal F,’s Comment 

15°C 87 SAC partially dominant 
24°/15°C 76.5 negative heterosis 

24°C 102.5 positive heterosis 
24°/31°C a0 positive heterosis 

31°C 69.5 positive heterosis 
15°/31°C 69 OR completely dominant 

TABLE 4 


Analysis of variance of results in Table 2 








M.S. F* df. 

Inbreds 

Genotypes 65,156 226.0 2 

Temperatures 15,800 54.8 5 

Genotypes X temperatures 2,492 8.6 10 

Error 288 162 
F,’s 

Genotypes 48,614 202.3 5 

Temperatures 7,782 32.4 5 

Genotypes X temperatures 697 2.9 25 

Error 240 324. 
F,’s 

Genotypes 2,350 7.2 5 

Temperatures 8,662 26.4 5 

Genotypes X temperatures 1,619 4.9 25 

Error 329 324 
Interaction between 
inbreds, F,’s and F,,’s 78,343 2 
Total 899 





* All the F values are significant at P<0.001. 
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The analysis is in three sections, inbred lines, F,’s and F.,’s. Within each section 
there is a large temperature effect. A large genotype effect is present in the in- 
bred lines and F,’s, but is smaller in the F,. generation, as is obvious from the 
approximate equality of the numbers in the F, crosses (Table 2). 

The relative magnitude of the mean squares for the three genotype X tempera- 
ture interactions is of interest. The interaction is greatest for the inbred lines and 
smallest for the F,’s, the difference being significant (P<0.05). This shows that. 
as predicted from Table 2, the F,’s are more stable in response to the different 
environments than the inbreds. Thus, once again, it is shown that the F,’s show 
a higher degree of homeostasis than the inbreds. The F.’s have a genotype < tem- 
perature interaction intermediate in magnitude between the F,’s and inbred 
lines, as might intuitively be expected because of segregation in the F., generation. 

Finally, there are two degrees of freedom which test the interaction between 
the inbred lines, F,, and F. generations which is, as expected, highly significant 
when compared with the three error mean squares by means of the F test. This 
merely shows that the mean emergence of the inbred lines, F,’s and F.’s differs. 


DISCUSSION 


Basically, in this study, the adaptation of various inbred lines, their F; hybrids 
and F.’s, to a multiplicity of artificial environments was being investigated. 
Generally it was found that the heterozygous F, generation is less variable than 
the inbred parents. The stability of the F, generation was probably due to the 
superior homeostatic ability conferred upon it as a result of its heterozygosity. 
Evidence of this type has been presented by many authors among whom may be 
cited CLARINGBOLD and Biccers (1955), DospzHANsky and WALLACE (1953). 
LERNER (1954), RoBertson and Reeve (1955) and Yoon (1955). 

LerRNER (1954), Lewontin (1956) and THopay (1953) and others have 
stressed that characters of adaptive significance should be used in measuring 
homeostasis. Stability of fitness over all environments is the criterion of homeo- 
stasis. It is often difficult, for example, to see the relationship between some 
morphological characters and adaptive significance. Lewontin (1956) demon- 
strated that there is no simple relation between morphological uniformity and 
homeostasis for abdominal bristle number. Hence a population which exhibits a 
high degree of homeostasis is one in which characters of adaptive significance 
are kept constant under variable environmental conditions. However, the varia- 
bility of other characters not directly related to fitness may be increased, as 
has been demonstrated for eye pigmentation in Ephestia kiihniella by Caspar 
and Gorruies (1959). The ability of larvae to emerge as adults is obviously 
related to fitness and hence inferences on the relative variability of heterozy- 
gotes and homozygotes as representing different degrees of homeostasis ought to 
be tolerably valid. 

The superior homeostatic ability of the F, hybrids is shown to lead, as expected, 
to a relatively small genotype < environment interaction when compared with 
the inbred lines. The F., generation occupies a position between the F,’s and in- 
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bred lines. A few environments will therefore give an estimate of the over-all 
behavior of the F,, but many more environments will be needed for inbred lines. 
The widespread use of inbred lines suffers from the defect of considerable varia- 
tion between environments. CLARINGBOLD and BiccEers (1955) and McLaren 
and Micuie (1956) have pointed this out for inbred lines of mice. 

Many genotype-environmental interactions have been reported in the litera- 
ture, and the problem has been discussed theoretically (Comstock 1955; Demp- 
sTER 1955; LERNER 1958; and Maruer 1955). It is of great interest to both the 
evolutionist and the breeder to estimate the magnitude of the genotype-environ- 
mental interactions resulting from subtle, but nevertheless important micro- 
environmental changes. Parsons and ALLARD (in press) present data on seed 
size in the lima bean (Phaseolus lunatus L.) grown in an apparently constant 
environment over a period of six to eight years demonstrating significant inter- 
actions between genotype and environment. All these studies indicate the need 
to study populations in many environments if predictions of possible progress 
under selection are to be reliable. The data reported in this paper emphasize the 
differential behavior of inbred and noninbred individuals in different environ- 
ments and show that predictions made on heterozygous individuals exhibiting 
homeostasis would be more reliable than nonhomeostatic inbreds. 

Finally, these data bring out an interesting contrast between mass inbreeding 
and inbreeding by sib-mating. The mass inbred BIK strain is shown to be almost 
equivalent in homeostatic ability to the F; hybrids. This shows up at extreme 
temperatures such as 31°C when BIK emergence is much higher than the OR 
aid SAC emergence. Thus the mass inbred BIK line is better buffered against 
environmental extremes than the OR and SAC inbred lines. It is unlikely that 
this is due to the environments to which these inbred lines were subjected before 
bringing them into the laboratory, as all three inbred lines have been under 
constant temperature conditions for approximately ten years. The more likely 
interpretation is that mass inbreeding permits the unconscious selection of hetero- 
zygotes more readily than under sib mating. The hatchability figures confirm 
this ‘nterpretation, for these were all obtained at 24°C, so that the original en- 
vironment of the BIK strain can have little or no effect. 

In chickens, ScHuttrz (1953) found that the inbred lines were more sensitive, 
and the crosses between them less sensitive to environmental changes than the 
more or less randomly bred birds of production flocks. Similarly McLaren and 
Micuie (1956) found that randomly bred Mousery mice were almost as uni- 
form as the F, hybrids and the inbred lines more variable than the Mousery 
mice. In the randomly bred chickens and Mousery mice there is probably an 
unconscious selection of fitter heterozygotes as has been suggested for the mass 


inbred BIK line. 


SUMMARY 


1. Three inbred lines of Drosophila melanogaster were crossed in all combina- 
tions and the F. generation grown. Hatchability estimates were made, and the 
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ability of 150 larvae to emerge as adults under six different temperature regimes 
studied. 

2. The hatchability of the eggs from the F, flies exhibited heterosis and de- 
creased variability compared with the inbred lines. Thus homeostasis, superior 
to the inbred lines, is indicated. 

3. The inbred lines were more variable than the F, hybrids in response to 
temperature treatment as measured by the emergence of 150 larvae as adults. 
Furthermore, the inbred lines exhibited a larger genotype-environmental inter- 
action than the hybrids. The hybrids therefore have a better homeostatic mech- 
anism than the inbred lines. 

4. Two of the inbred lines (OR and SAC) were inbred by sib mating, and the 
third (BIK), by mass inbreeding. The BIK inbred line was almost equivalent to 
the hybrids in homeostatic ability, probably because of the greater opportunity 
for the unconscious selection of favorable heterozygotes. 

5. Some of the implications of the results are discussed. 
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N the normal course of meiosis chromosome division is completed at the begin- 

ning of AII and the sister chromatids migrate to opposite poles. When division 
occurs earlier, it is regularly associated with the presence of unpaired chromo- 
somes in late PI or at MI and is very likely stimulated by this lack of pairing. 
Rarely precocious division may take place in the absence of reduced pairing. 

Unpaired meiotic chromosomes are present in organisms deviating from the 
diploid chromosome complement. in species hybrids with reduced chromosome 
homology, and in asynaptics. At AI in monosomics the univalent divides in al- 
most all cells (OLmMo 1936; SEARs 1952) or in about half of them (Morrison 
1953). The univalents of haploids usually segregate randomly to the poles during 
Al dividing rarely at this stage (BELLING 1927; Ivanov 1938; Levan 1942, 1945). 
In a few haploids the unpaired chromosomes divide frequently in AI (GaINEs 
and Aase 1926; Lestey and Frost 1928). The reduction of pairing in trisomics, 
polyploids, and species hybrids can lead to univalents at MI, but their behavior as 
to time of division is often quite irregular even in the same material (LEsLEy 
1928; McCiintock 1929; Urpcorr 1935). 

Some univalents may lag and divide at AI or TI in partial and complete asyn- 
aptics, but this division usually does not occur until AII. There are, however, a 
few striking examples of precocious chromosome division associated with asynap- 
sis. SMitH (1936) observed division of all univalents at AI in complete asynaptics 
segregating from the hybrid Triticum monococcum X T. aegilopoides. With the 
absence of bivalents at MI in partially asynaptic Crepis capillaris, all univalents 
sometimes divided during AI (RicHarpson 1935). Regular division of all uni- 
valents took place at AI in asynaptic Oenothera decipiens regardless of their po- 
sition on or off the metaphase plate (CarcHesipE 1939). In contrast to Crepis the 
presence or absence of bivalents, which behaved normally, failed to influence this 
division. 

Asynapsis in Alopecurus myosuroides (JoHNsson 1944) represents a more 
extreme situation. Precocious division occurred at AI not only in all univalents 
but also in the bivalents, which sometimes had not yet completed chiasma sepa- 
ration. As with the previous case in Oenothera, a MII plate did not form and 
daughter univalents segregated randomly to the poles without dividing again. 


1 Adapted from a portion of a thesis submitted in partial fulfillment of the requirements for 
the degree of Doctor of Philosophy, University of California. This work was supported in part 
by a fellowship from the University of California. 
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Jounsson (1944) believed that the aberrant behavior represented a true pre- 
cocity rather than a retarded first division. He based this opinion on his study of 
chromosomes in other A. myosuroides mutants possessing retarded first division 
and concluded that in his asynaptic “the centromere division itself [distinct from 
the asynapsis] would seem to be subject to a genotypical variation.” Here. as 
elsewhere used in the present account, “centromere division” refers to completion 
of chromosome division, for true centromere division may normally occur as 
early as AI (Lima-pe-Farta 1956). 

In autotetraploid Chrysanthemum atratum, Dowrick (1953) observed a high 
proportion of cells at MI having only bivalents. All the centromeres divided pre- 
cociously during this stage in these cells, although sister chromatids did not fall 
apart until homologues had migrated to opposite poles at AI. Each daughter 
nucleus thus contained the unreduced chromosome number. The second division 
was completely suppressed in such cells. Normal microsporocytes in the same 
material had the chromosome associations and behavior typical of autotetraploids, 
the univalents dividing at AI. Reduced chromosome pairing and chiasma fre- 
quency and a delayed PI were associated with the centromere precocity. 

Lamm (1944) has briefly reported a rare instance in which precocious chromo- 
some division occurring in TI was apparently not caused either by asynapsis or 
by an unbalanced chromosome complement. A sterile mutant in Lycopersicon 
esculentum appeared in segregating progenies which suggested inheritance by a 
single recessive factor. Anthers examined from one of the sterile plants showed 
meiosis to be normal during diakinesis and MI, with homologous chromosomes 
segregating regularly to opposite poles at AI. Chromosomes at TI “arranged 
themselves at each pole into a plate, whereupon their centromeres divided.” The 
resulting TI groups thus contained the somatic chromosome number. The daugh- 
ter chromosomes became oriented on two plates at MII and segregated to the 
poles at random in AIT without further division. Microspore quartets usually re- 
sulted despite irregular chromosome distribution. No fertile pollen was produced. 
Although the aberrant plant analyzed cytologically was also trisomic, later obser- 
vations of diploid segregants indicated that the precocity was not due to the extra 
chromosome (Lamm, unpublished). 

The present study was initiated to determine the nature of another sterile 
tomato mutant whose infertility appeared to be unassociated with asynapsis or 
chromosome unbalance (CLayBerc 1958a). Cytological analysis of later genera- 
tions revealed that the sterility was caused by precocious centromere division 
begun late in the first meiotic division, mostly completed by PII. and resulting in 
irregular chromosome segregation at AIT. 


MATERIAL 


The mutant originated from a partially sterile plant found in 1953 by Dr. 
Cuartes M. Rick of the University of California at Davis. This plant appeared 
in a commercial field of the tomato variety Earlypak. 
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Inheritance 


A few seeds set by open pollination on the original plant gave rise to a family 
containing both fertile and pollen-sterile individuals. Some of the pollen-sterile 
plants were crossed with a highly inbred strain of Pearson, a variety quite similar 
in general habit to Earlypak. Pollen-sterile plants in the resulting progeny were 
backcrossed by Pearson. A probable simple trisomic (56L130—1) from this back- 
cross and a fertile diploid (56L111-5) from the first cross with Pearson were 
progeny tested using open pollinated seed. Cytological studies initiated in these 
two test progenies revealed the presence of sterile diploids possessing the meiotic 
abnormality to be described. 

Both of these test families were grown from seed of open pollinated fruit but 
may be regarded as selfed progenies. Rick (1948) has found that the rate of 
natural cross-pollination in male-sterile mutants at Davis is quite low, ranging 
from one to seven percent. In addition plant 56L130—1 was grown in an isolated 
male-sterile crossing plot where the only available pollen was the little the plant 
itself produced. The seed from this plant gave rise to family 57L501, containing 
70 plants which were examined cytologically. Twenty-eight of these possessed the 
meiotic precocity and had 90-100 percent aborted pollen. Ten of the 28 were also 
simple trisomics. The 42 plants lacking the precocity included 13 trisomics. The 
extra chromosome in all cases probably was chromosome 4 on the basis of plant 
habit (Rick and Barton 1954). 

This family contributes little evidence for the inheritance of the precocity. The 
x” value calculated for monofactorial recessive determination of the aberrancy 
was 8.40 with p = 0.006. It does not appear that the trisomy is affecting the 
inheritance of the precocity, for a contingency test suggests no association be- 
tween the two (x? = 2.56, p= 0.11). 

Family 57L506 from the fertile diploid. 56L111-—5 provides more satisfactory 
information. Cytological examination showed that 14 of the 50 plants grown in 
this family were diploids with the precocious centromere division and 90-100 
percent pollen abortion. The remaining 36 were normal fertile diploids. This 
ratio satisfactorily fits inheritance by a single recessive gene (y* = 0.24, 
p = 0.64). 

Part of this family was grown in the greenhouse and not maintained after 
cytological identification. Open pollinated seed collected at Davis from the 27 
fertile plants in the field grown portion of the family was planted in the summer 
of 1958 at Mt. Carmel, Connecticut. 

The complete correlation in families 57L501 and 57L506 between the meiotic 
precocity and greater than 90 percent pollen abortion has already been men- 
tioned. This correspondence permitted identification of aberrant plants in the 
1958 plantings by acetocarmine pollen smears, using a minimum of three flowers 
per plant. Nine of the 27 families were nonsegregating, containing 18-20 fertile 
plants each. The observed proportion of segregating to nonsegregating families 
thus gives an exact fit to the 2:1 ratio expected. Table 1 shows the results for the 
18 segregating families. The summation ,’ value of 24.24 (p= 0.15) is com- 
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patible with the assumption that all of these families are segregating in a 3:1 
ratio. 

On the basis of this evidence the symbol pc is proposed for the single recessive 
gene controlling the centromere division precocity. No expression of this gene 
was observed other than its action on meiosis. 

Cytology 

Cytological analysis was confined to microsporocytes which were fixed in 1:3 
acetic alcohol, mordanted in iron alum, and stained with acetocarmine as de- 
scribed by Soosr (1951). The technique was modified by briefly heating the 
stained material over a steam bath before smearing (Barton 1950). 

All counts and photographs are from temporary slides ringed with approxi- 
mately equal parts of paraffin and anhydrous lanolin. These, being miscible, may 
be kept melted in a test tube in the steam bath and applied to the margins of the 
cover slip with a small brush. 

The course of meiosis in normal material has already been characterized by 
Humpnrey (1934). Both the fertile and aberrant diploids used for the following 
photographs come from families 57L501 and 57L506. 

Prophase and metaphase I: Throughout these stages chromosome behavior ap- 
pears to correspond in all respects to that of fertile plants. Initiation of pairing 
during zygotene seems in no way affected. and pachytene pairing is complete 


TABLE 1 


Frequency of plants with precocious centromere (pc) division in 
segregating F , progenies from family 57L506 











Family pe Total x?(3:1 
58L52 3 20 1.07 
58L54 6 18 0.67 
58L55 2 18 1.85 
58L56 8 20 2.40 
58L57 3 19 0.85 
58L58 3 20 1.07 
58L63 1 20 4.27 
58L64 4 20 0.27 
58L65 1 20 4.27 
58L67 3 20 1.07 
58L69 5 20 0.00 
58L70 6 19 0.44 
58L71 3 20 1.07 
58L73 5 16 0.33 
58L74 5 19 0.01 
58L75 5 18 0.08 
58L76 8 20 2.40 
58L77 2 19 2.12 
x2, = 24.24 


as. 18 p= 0.15 
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with normal bivalent configurations maintained through MI (Figures 1 and 2). 
It is quite possible, however, that chiasma frequency could be reduced somewhat 
without altering bivalent associations. To verify this chiasma counts might be 
taken at diakinesis, since diplotene in tomato is unfavorable for observation 
(Soosr 1951). 

The presence of both trisomic and diploid pe plants in family 57L501 makes 
possible an alternative and simpler technique. If pc reduces chiasma frequency 








Ficures 1-9.—First metaphase to second prophase 740. Ficure 1.—First metaphase from 
a normal plant. Figure 2.—First metaphase from mutant pc. Figure 3.—First anaphase in a 
normal plant. Figure 4.—First telophase in a normal plant. Figure 5.—First telophase from pc 
with a lagging and dividing daughter bivalent and another lagging chromosome. Ficure 6.— 
First telophase in pc with lagging chromosomes and showing undivided chromosomes in the 
upper nucleus. Figure 7.—First telophase in pc showing some division of daughter bivalents in 
the two nuclei. Figure 8.—Second prophase from a normal plant. Figure 9.—Second prophase in 
pe having 24 chromosomes in each daughter nucleus. 
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slightly, there should be a higher proportion of bivalent-univalent associations, 
instead of trivalents, in a trisomic homozygous for this gene than in an otherwise 
normal trisomic. 

The results in Table 2 suggest that pc might have a slight effect in this direc- 
tion, but the contingency ,* value for the data is 0.34 (p = 0.58). This indicates 
that no significant differences exist between trivalent frequency in pe and non-pe 
plants and consequently that chiasma frequencies are quite likely the same in the 
two types. 

Anaphase and telophase I: The chromosomes of the mutant first deviate from 
normal behavior at late anaphase. Although bivalents separate regularly, some 
of the resulting half-bivalents frequently lag and may divide (Figures 5 and 6). 
Figure 10 shows a cell at PII in which such a chromosome appears to have lagged 
and divided at AI with one of the sister chromatids being included in a telophase 
nucleus and the other remaining in the cytoplasm. Further observations on the 
frequency of lagging and division of half-bivalents at AI will be included in the 
description of PII. 

It is not entirely clear when the centromeres begin their precocious division, 
aside from those that have split subsequent to chromosome lagging. The chromo- 
somes in the upper group of the cell in Figure 6 have not divided by early telo- 
phase. But one or more chromosomes at the poles are divided in the telophase cell 
of Figure 7. These chromosomes may have lagged, divided, and finally reached 
the poles; or they may have completed migration before dividing. In any case the 
centromeres of most chromosomes have divided by PII in all cells observed. Much 
of this division very likely occurs during interkinesis. 

The chromosomes do not form a plate at TI and then divide. as reported by 
Lamm (1944) for a similar mutant in tomato. 

Prophase IT: Cells in this stage (Figures 9 and 10) differ markedly from those 
of normal material (Figure 8), for most of the centromeres are clearly divided. 
Even when a few sister chromatids are conjoined, their points of attachment seem 
more attenuated than in chromosomes at the same stage in fertile plants (cf. 
Figures 8 and 10). The separated chromosomes have some tendency to be grouped 
two-by-two. This may be due to failure of movement following division, or forces 
of attraction may be acting to keep the chromosomes so oriented. The associations 
probably involve homologues, but verification of this has not been possible. 

Table 3 records the frequency of various chromosome distributions at PII. No 
record was made of occasional incompletely separated sister chromatids, because 


TABLE 2 


Chromosome associations in trisomics with and without 
precocious centromere division 








Number of cells counted 
If II-I 3 Total 
57L501-7 (pc) 56 44 0 100 
57L501-9 (pe*) 60 40 0 100 
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doubt existed as to whether they represented failure of division or chance contact 
in smearing. The proportion of cells with chromosomes excluded from the second 
prophase nuclei is 53 percent. A more extensive count of 411 cells in PIT and MII 
on the same slide indicated that 41.3 percent contained micronuclei. 
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Ficures 10-15.—Second prophase to second telophase 740. Figure 10.—Second prophase in 
pe showing 24 chromosomes in one nucleus, 23 in the other, and one chromosome in the cyto- 
plasm. Some of the chromosomes are not completely separated. Figure 11.—Second metaphase 
from a normal plant. Figure 12.—Second metaphase in pe with two chromosomes off the plates 
but in the spindles. Figure 13.—Second anaphase from a normal plant. Figure 14.—Second 
anaphase in pe showing much chromosome lagging. Figure 15.—Double restitution nucleus 
formation in pe plus a micronucleus. 


TABLE 3 


Chromosome distributions at second prophase in microsporocytes 
of a diploid pc plant (57L501-68 ) 





Number of daughter chromosomes excluded from prophase nuclei 
1 ) 3 4 




















0 2 7 
Nuc. counts) F Nuc. counts F Nuc. counts F Nuc. counts F. Nuc. counts F Nuc. counts F. 

24-24 10 23-24 6 23-23 2 29-93 1 21-23 1 20-21 2 

23-25 1 22-25 1 22-94 1 20-24 1 

22-96 2 20-27 1 

20-28 1 

Total 14 8 3 | g 2 
Total number of cells = 30 
Cells having excluded chromosomes = 53 percent 

* Nuc. counts= Nuclear counts. 


F = frequency. 
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Those cells in Table 3 having one or both nuclei with odd numbers of daughter 
chromosomes may be used to estimate the minimum frequency of precocious 
chromosome division in AI. The data indicate that this event occurs in at least 
one chromosome for every two cells. 

Metaphase II; All caromosomes are regularly oriented on the metaphase plates 
(Figure 12). Frequently one to several chromosomes are in the spindles but off 
the plates. These chromosomes may have failed to migrate to the plates, or they 
may have precociously initiated poleward movement. Chromosomes excluded 
from the TI daughter nuclei appear to remain out of the MII spindles. 

At this stage the chromosomes are associated two-by-two, as they are during 
PII. This continued association therefore seems to eliminate failure of chromosome 
movement as an explanation for the association in PII. Although in lateral view 
(Figure 12) plates superficially resemble those of normal material, the chromo- 
somes are clearly divided when the plates are viewed in polar position. 

Anaphase and telophase II: Chromosome segregation to the poles is random 
without further division (Figure 14). Many of the chromosomes tend to lag in 
the center of the spindle. As a consequence restitution nuclei frequently form 
from one or both spindle groups (Figure 15). Table 4 gives “quartet” counts for 
two diploid pe plants. 

Unquestionably a significant difference exists between them: 57L501-68 has a 
mean of 2.36 spores per group while the mean for 57L501-69 is 3.67. 

Family 57L501, as mentioned earlier, resulted from two consecutive crosses of 
Earlypak by Pearson. Although these varieties are similar in general plant habit. 
they differ sufficiently for a number of genes to be segregating in backcross prog- 
enies. Some of these genes might reasonably be expected to modify the frequency 
with which second division restitution nuclei occur in different plants homozy- 
gous for pe. 

Fertility: The proportion of stainable pollen in all examined pc plants varied 
from zero to ten percent. Some stainable pollen is probably functional, since tetra- 
ploids appeared in the progeny of the original partially sterile accession. Further- 
more, cytological examination of one of these tetraploids proved it to be pe. 

The difference in restitution nucleus formation between plants 57L501-68 and 
57L.501—69 does not seem to affect appreciably the proportion of stainable pollen 
grains they produce. Examinations were made of a total of six flowers for each 
plant collected over a period of four months. and a minimum of 500 grains per 
flower were counted. The amount of stainable pollen for 57L501-68 ranged from 
0.00 to 4.94 percent and for 57L501-69 from 0.19 to 3.23 percent. 


TABLE 4 


Distribution of “quartet” types in diploid plants with precocious centromere division 





Number of spores per ‘‘quartet”’ : 
Potal 








g 3 fs 5 6 7 “quartets” 
57L501-68 234 89 11 3 337 
57L501-69 39 136 167 56 8 2 408 
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Since diploid grains should be functional, one possible explanation of the high 
pollen sterility in 57L501-68 might be unfavorable action of pc on the mitotic 
division of the microspore. The strongly granular nature of the cytoplasm at this 
stage in tomato discourages investigation of this possibility. In view of the high 
proportion of chromosomes excluded from the daughter nuclei, as indicated in 
Table 3, it seems more probable that the abortion of these “diploid’’ spores is due 
to degeneration resulting from chromosome unbalance. 

Ovule fertility is also reduced. Twenty-one backcross pollinations of 57L501-— 
68 and 57L501-69 by normal Earlypak all yielded fruit, 17 being parthenocarpic. 
The remaining four fruits contained a total of 14 seeds, only one of which germi- 
nated. The resulting plant, 57L521-1, was triploid and non-pc. Presumably it 
developed from the union of an unreduced egg from the pc parent, 57L501-68, 
and a normal haploid sperm of Earlypak. 

Megasporogenesis was not studied cytologically in pc plants. But their apparent 
formation of diploid megaspores, as indicated by the triploid 57L521-1 and the 
tetraploids previously mentioned, plus their high ovule infertility imply that 
meiosis proceeds similarly in both megasporocytes and microsporocytes. Simple 
and multiple trisomics identified in the Pearson backcross progenies demon- 
strated that pc mutants can also produce functional hyperploid megaspores. The 
chromosome unbalance probably is a consequence of irregular segregation at 
either the first or the second meiotic division. 


DISCUSSION 


The observed meiotic aberrancies of pc mutants may all be attributed to a 
division precocity of the chromosome regions normally holding sister chromatids 
together until AIT. Lrwa-pe-Farta’s (1956) studies suggest that the regions in- 
volved are the most proximal portions of the chromosome arms rather than the 
centromere itself. In Agapanthus umbellatus, Fritillaria meleagris, Rhoeo dis- 
color, and Mecostethus grossus he found that the centromeres are divided and 
well separated from each other at pro-metaphase II. He observed such division as 
early as AI in Tradescantia virginiana, T. bracteata, and Secale cereale. The 
small size of tomato chromosomes at stages subsequent to PI makes verification of 
his results difficult in this material. 

In some mutants centromere precocity exhibited during the first meiotic di- 
vision does not seem to continue into the second division. Daughter univalents 
thus fail to congress to the MII plates, as in asynaptic Oenothera decipiens 
(CarcHEsIvE 1939). If the precocity does continue, the daughter univalents can 
go to the plates but not divide. This happens in asynaptics of Lycopersicon escu- 
lentum (Soost 1951) and is typical of the pe mutant. 

Daughter univalents also can divide following metaphase plate congression. 
This is unlikely to occur, however, since it involves two equational divisions in 
meiosis instead of the customary one. Ekstranp (1932) has reported that such 
behavior is customary in daughter univalents of partially asynaptic barley, al- 
though the division follows AII separation of the unaffected chromosomes. One 
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other instance of regular double division of univalents at meiosis has been found 
(FeperLey 1931). 

If the precocity of pc is expressed before AI. it appears to have no observable 
effect on chromosome pairing and chiasma formation. During AI the precocity 
occurs initially as a bipolarization of some chromosomes, following separation of 
homologues. These chromosomes lag and frequently divide in the first meiotic 
division. Otherwise most of the precocious division seems to take place during 
interkinesis. This conclusion follows from the observation that centromeres are 
cften undivided at TI, while by PII the great majority of them are split. 

Although the aberrant centromere behavior in pc has been interpreted as pre- 
cocity. the possibility also exists that the centromere division time cycle is normal 
while that of the chromosomes is delayed. Precocity is the preferred explanation 
because there are no obvious differences in corolla length of buds from pe and 
normal plants containing microsporocytes in the same stages of meiosis. Studies 
of normal material in connection with an asynaptic mutant (CLAYBERG 1958b) 
having delayed meiosis showed that such measurements provide a fairly reliable 
means of ascertaining the meiotic stages in the respective buds. 

The two-by-two chromosome associations seen at PIT and MII are difficult to 
understand. One might be tempted to compare them with bivalents at MI in 
normal material, except for the presence of chiasmata in the latter. The close 
synapsis of homologues in bivalents where no chiasmata are observed (HuGHeEs- 
ScHrapDER 1943) suggests that the forces holding bivalents together may be 
stronger than those acting on the second division pc chromosome associations. 

The similarity between meiosis of pc plants and that of the tomato mutant re- 
ported by Lamm (1944) and described earlier in this paper is remarkable. Quite 
possibly the same locus may be involved in both. This unfortunately cannot be 
verified experimentally, since Lamm’s cultures are no longer available. 

The most marked resemblances between the two mutants are the precocious 
centromere division and orientation of the precociously divided chromosomes on 
the MIT plates. Lamm’s mutant differs from the present case in that his showed 
no lagging and dividing chromosomes at AI, formed plates at TI after which the 
centromeres divided, and usually gave rise to four spore “quartets.” 

The two varieties in which the aberrant types appeared seem to be completely 
unrelated, indicating that they represent independent mutations. Earlypak is a 
large-fruited, determinant tomato introduced about 1950 by the Ferry-Morse 
Seed Company. LammM’s mutant occurred in Danish Export, a long established 
variety with small fruits and indeterminate habit, supposedly developed in Den- 
mark during the nineteenth century. 


SUMMARY 


The almost complete sterility of a mutant in the tomato variety Earlypak re- 
sults from an abnormality of meiosis controlled by a single recessive gene pc. The 
aberrant behavior is characterized by the regular occurrence of precocious meiotic 
centromere division. The precocity first appears at anaphase I in some daughter 
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bivalents which often lag and divide. The centromeres of those chromosomes 
not lagging in the first division divide in most instances by prophase II. This 
division probably takes place during interkinesis. All chromosomes regularly be- 
come oriented on the metaphase II plates. The precociously divided chromosomes 
migrate to the poles at random without further division. The considerable amount 
of chromosome lagging in the second division frequently results in the formation 
of restitution nuclei. Some of the diploid spores so produced are functional and 
give rise to polyploid offspring. Irregular chromosome segregation also results in 
gametes of unbalanced chromosome number as reflected in the appearance of 
trisomic progeny. 
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HE evolution of mimicry, although it may depend on the occurrence of ex- 

tensive genetic changes some of which took place a long time ago, may 
nevertheless often be analyzable in considerable detail. However, despite the fact 
that much work has been done on the theoretical side (FisHER 1930) little prog- 
ress has been made by means of direct experiments. An investigation utilizing 
the techniques of genetics, ecology and ethology would not only solve many of 
the problems of the evolution of mimicry itself but might throw considerable 
light on the factors governing evolution in general. 

To investigate the genetic changes which have occurred during the evolution 
of mimicry it is necessary to make interrace and even interspecific crosses (Forp 
1953). In order to obtain the maximum amount of information it is desirable to 
choose a species which has many mimetic and nonmimetic forms and in which 
some or all the mimetic forms are missing in some races. It is also necessary to 
know the geographical distribution of the races in detail together with the rela- 
tive abundance of mimics and models in the various areas. The African swallow- 
tail Papilio dardanus Brown, with its striking polymorphism in the female, 
fulfils these requisites better than most butterflies, and has been used in the 
present investigation. 

This paper is the first of three dealing with the formal genetics of the various 
races of the insect. Only relevant broods are given in the tables but copies of the 
complete data, comprising over three thousand matings, are available on request. 

Papilio dardanus, race cenea: This race inhabits South Africa, northwards to 
Delagoa Bay. The males are monomorphic, yellow, tailed and nonmimetic as 
they are wherever the species is found (Figure 1). The female forms that have 
been studied by us are the nonmimetic f. leighi, f. natalica and f. salaami and the 
mimics f. hippocoonides, f. cenea, f. trophonius (Figures 2—7) and a modification 
of f. trophonius in which the large apical spot on the forewings is buff and not 
the normal white (for a description of the forms, their models and their distribu- 
tion see Forp 1936 and CLarke and SHepparp 1959a). It should be noted that 
the name cenea is used to designate both the South African race and also one of 
the common mimetic female forms occurring within this and other races. 


MATERIALS AND METHODS 


Several well-known South African naturalists, Messrs. Gowan C. CLARK, 
C. G. C. Dickson, D. A. SWANEPOEL and R. W. WELLs, have kindly sent us eggs, 
larvae and pupae of P. dardanus cenea from Natal. 
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Ficures 1—7.—Forms of P. dardanus race cenea. Figure 1.—Male (light areas are pale yellow). 
Figure 2.—Female.f. hippocoonides (light areas are white). Ficure 3.—Female f. trophonius 
(light subapical spot is white, medium dark areas are bright orange). Figure 4.—Female f. cenea 
(light areas on forewing are white, base of hind wings buff). Figure 5.—Female f. natalica 
(light areas are all buff). Figure 6—Female f. salaami (subapical spot light orange, medium 
dark areas are bright orange). Figure 7.—Female f. leighi (spots on forewing light orange, base 
of hind wing pale buff). 


The method of breeding the butterflies in England is described by us in detail 
elsewhere (CLARKE and SHEPPARD 1959a,b) and since the earlier paper there 
have been two main alterations in the technique. Firstly, we have found that the 
caterpillars thrive much better on Choisya ternata (the Mexican orange flower) 
than on Citrus, and secondly, that the best way to have the material sent from 
Africa is in the form of living butterflies folded flat in cellophane envelopes. 


RESULTS 


Some observations on f. hippocoonides 


This form which mimics the Danaid Amauris niavius dominicanus is very 
similar in pattern to f. hippocoon which occurs in other races of dardanus and 
which mimics A. niavius niavius, a different subspecies of the model for hippo- 
coonides. In crosses between hippocoon and hippocoonides (in which the genotype 
of the male is known in this respect) we have found that there is no clear-cut 
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segregation in the F, 


(or equivalent) and backcross matings, This indicates that 
the two forms result from the modification of a single major gene (CLARKE and 
SHEPPARD 1960). Consequently, in this paper we have not distinguished between 
hippotoonides, hippocoon or hybrids between the two and all have usually been 
referred to as hippocoonides. The three types of insect serve equally the important 
purpose of providing broods homozygous for the white female form. 

Inheritance of the forms of race cenea 

As previously ascertained, (CLARKE and SHEPPARD 1959a), cenea is dominant 
to hippocosnides as is leighi, and neither is sex-linked. Further evidence of these 
dominance relationships is given by broods 1457, 1462, 1690, 1707, 2156, and 
2185, where the male parent was homozygous for hippocoonides, hippocoon or 
the hybrid (Table 1). 

It was previously known that /eighi was probably dominant to cenea (CLARKE 
and SHEPPARD 1959a) and brood 1415 helps to strengthen this view since a cenea 
female mated to a male both of whose parents could have been heterozygous for 
leighi gave rise to seven leighi females, whereas if cenea were dominant at least 

1:1 ratio would be expected, the departure from this ratio being significant 
(P>0.02). This is confirmed by brood 2235, where a cenea female mated to a 
male heterozygous leighi/trophonius gave only leighi and trophonius offspring. 
Further evidence is provided by broods 1273 and 1386. In brood 1273, a female 
leighi which had not had f. trophonius in its known ancestry produced a female 
trophonius in its cffspring indicating that the wild male to which it was mated 
was carrying trophonius. This female trophonius was mated to a male which had 


TABLE 1 


Dominance relationships of f. hippocoonides, f. leighi and f. cenea 





























gros pe — Origin of father 
nd g and genotype cenea hippocoonides trophonius  leighi 
Brood no where known Male females females females females 
1273 leighi* wild 0 0 0 1 0 
trophonius male not carrying 
1386 1273 cenea 4 0 7 0 
ceneat: male offspring of 
1415 wild leighi mother 6 0 0 0 7 
1457 cenea hht 10 1 2 0 0 
1462 leighi hh 11 0 5 0 5 
1690 cenea hh 24. 10 7 0 0 
1707 cenea hh 7 9 0 0 0 
2156 leighi hh 11 0 5 0 6 
2185 leighi hh 3 0 1 0 3 
cenea male from salaami 
2235 wild family§ 19 0 0 8 16 





* Not known to have troplonius in its ancestry. 
i f. leighi is so rare that a wild cenea is highly unlikely to be carrying the gene responsible for this form: moreover 
the % is much subsequent evidence that leighi is nearly always dominant to cenea. 
t The ee of the genotype of the male known to be homozygous for hippocoonides, hippocoon or the hybrid. 
§ See Table 4 
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no cenea in its known ancestry (brood 1386). The offspring of brood 1386 segre- 
gated cenea and trophonius. If, as seems probable from other evidence, Jeighi, 
trophonius and cenea are allelomorphs (see below) then the female trophonius 
1273 must have been trophonius/cenea and therefore as she could not have in- 
herited cenea from her father, for she received trophonius from him, she must 
have inherited it from her leighi mother, thus proving the dominance of leighi 
over cenea (see Table 1). 

That the dominance relationship between lJeighi and cenea can occasionally be 
upset is shown by a consideration of broods 1372, 1466, 1634 and 1740, all of 
which are very closely related to one another. Brood 1372 had one leighi and 
three cenea females; one of the latter was highly abnormal in that although it 
had the cenea patterning (except that the spots near the apex of the forewing 
were larger and more circular than normal) the coloring was orange like that of 
leighi. This particular butterfly was mated (brood 1466) to a male with cenea 
but no /eighi in its known ancestry. The offspring were four cenea females and 
one leighi female, but again one of the “cenea’’ had the orange spots like its 
mother. This butterfly was mated (brood 1634) to a brother, and again two 
“cenea’”’ with orange spots were produced. One of these, when mated (brood 
1740) to a male homozygous for hippocoonides (hippocoon) (and therefore not 
carrying cenea or leighi) produced a very abnormal looking /eighi, the butterfly 
in some respect looking like f. natalica. The fact that the cenea which were 
heterozygous for leighi were decidedly abnormal, coupled with the fact that at 
least one of the leighi produced was itself highly abnormal, indicates that in 
these broods we have a modifier or modifiers which have broken down the normal 
dominance relationship and in fact nearly reversed them. Many other leighi/ 
cenea heterozygotes must have existed (broods 1029, 1157, 1176, 1192, 1365 
and 2235) but no other orange-spotted cenea have appeared showing that the 
pattern of these insects was abnormal and probably due to the presence of a 
single gene modifier (see Table 2). 

That trophonius is not recessive to all other forms was shown in our previous 
paper (CLARKE and SHEpparD 1959a). Subsequently broods 1680, 1705, 1792 and 
1807, in which the male parent was known not to be carrying trophonius have 
shown that it is not sex-linked and that it is dominant to hippocoonides (and 
hippocoon). Moreover brood 1824, (among others) confirms this finding, for 
here a good 3:1 ratio of trophonius to hippocoonides was obtained. Furthermore, 
trophonius is dominant to cenea as is shown by broods 1591 and 1705 where a 
trophonius mated to a male not carrying cenea produced both trophonius and 
cenea (see Table 3). Brood 1386 (see Table 1) is also confirmatory. 

The relationship between trophonius and leighi is an interesting one. The 
pattern of salaami is the same as that of trophonius except that the white apical 
patch on the forewing is replaced by the orange color found in this area in leighi 
(Figure 7). Moreover, salaami is very rare in South Africa. It has however ap- 
peared in our broods but only when both leighi and trophonius are also present 
(broods 1426, 1458, 1547, 1848, 1854, and 2072), with the exception of brood 
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TABLE 2 


Variations in leighi-cenea dominance 











Form of mother Origin of father Recognizable hippo- tro- 
and genotype and genotype cenea leighi leighi/cenea coonides phonius 
Brood no where known where known Males females females heterozygotes females females 
1020 leighi* Heh 5 1 4 0 2 0 
HAEh 
leighi Heh 
1157 H¥h or or 12 1 4 0 0 0 
HUH hh 
Heh 
1176 leighi or 17 4 6 0 5 0 
hh 
male known 
1192 leighi to be carrying € 4 1 0 2 0 
HLh cenea 
leighi known 
1365 not to be Heh 10 4 1 0 3 0 
carrying cenea (presumed) 
1372 cenea Hth 0 2 1 1 0 0 
leighi/cenea 
1466 heterozygote Hch 8 3 1 1 0 0 
HcHE 1372 (presumed) 
leighi/cenea 1466 HeHL 
1634 heterozygote or HLh 0 0 0 2 0 0 
HcHE 1466 or Hch 
leighi/cenea 
1740 heterozygote hh 3 0 1 0 0 0 
HHL 1634 abnormal 
2235 cenea male from 19 0 16 0 0 8 
wild salaami family+ 
The families in which the leighi/cenea heterozygotes were recognizable are in heavy type. 
2 _ text for explanation of genetic symbols. 
7 See text. 


1719, where a female leighi is known to have been mated to a male carrying 
trophonius, and 2012, 2038 and 2118 where the broods were very small. In fact 
the data are consistent with the hypothesis that salaami is formed by a combina- 
tion of trophonius and leighi. Broods 1426, 1458, 1719, 1848, 1854, 2005, 2012, 
2038, 2072 and 2286 are particularly relevant for here a 1:1:1:1 ratio is expected 
on the hypothesis that salaami is the heterozygote of trophonius and leighi and 
the combined numbers for these broods fit well with this assumption (see Table 
5). It might be argued that salaami is recessive to all other forms but the fact 
that it never appears in large broods except when both trophonius and leighi are 
present, and that salaami always produces trophonius and/or leighi among its 
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TABLE 3 


Dominance relationship of f. trophonius to f. hippocoonides and f. cenea 

















Form of mother Origin of father 
and genotype and genotype cenca hippocoonides —trophonius 
Brood no where known where known Males females females females 
1591 trophonius* hh 13 6 0 + 
H’H® 1458 
1680 trophonius hh 5 0 2 vs 
1705 trophonius hh 12 6 0 6 
H'H: 
1792 trophonius hh 33 0 17 9 
Hh 
1807 trophonius hh 6 0 0 2 
182+ trophonius Hh +7 0 6 36 
HTh 





* See also Table 4 


offspring (broods 1547, 2099, 2108, 2209 and 2223) makes this interpretation 
almost certainly wrong (see Table 4). 

Natalica was shown by Forp (1936) to be dominant to hippocoonides. Brood 
1758 confirms this finding. Brood 2120 of a cenea female to a male homozygous 
for hippocoonides produced natalica thus demonstrating the dominance of cenea 
to natalica. Brood 1960 shows that natalica is recessive to leighi as indicated by 
the 2:1:1 ratio of leighi to natalica to hippocoonides. Brood 2208, one of these 
leighi mated to a male homozygous for hippocoonides, produced leighi and 
natalica thereby proving the dominance of leighi. 

Natalica seems to interact with trophonius in much the same way as leighi 
does, for in broods 1743, 1987 and 2379, where both natalica and trophonius are 
segregating, a form of trophonius appears with the white of the apical patch on 
the forewing replaced by buff (see Figures 1-7). Such forms have been found in 
the wild (WELLs, personal communication) but are apparently unnamed. Such 
a form has never appeared except in these three broods segregating for trophonius 
and natalica, and the ratios in the broods are consistent with a 1:1:1:1 ratio 
suggesting that these abnormal trophonius are in fact heterozygous for natalica 
and trophonius. Moreover, one of these abnormal trophonius mated to a male 
not carrying trophonius or natalica (brood 1967) produced both, showing that 
the female parent was heterozygous for both. A second such female (1930) pro- 
duced one offspring which was trophonius. No brood in which trophonius and 
natalica are segregating has failed to produce these atypical trophonius, (see 
Table 6). 

Thus it appears that: 

1. hippocoonides is recessive to all the other forms. 
2. cenea is recessive to trophonius and usually to leighi, although the heterozygote 
may sometimes be recognizable. 
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TABLE 4 


Composition of f. salaami 





Form of mother Origin of father hippo- 





and genotype and genotype cenea coonides trophonius  leighi salaami 
Brood no. where known where known Males females females females females females 
leighi 
1426 ( no oe wild 9 0 0 1 4 6 
in ancestry 
1458 trophonius malecarrying 22 2 0 3 6 2 
1386* leighi 
1547 salaami 1426 5 0 0 3 2 1 
1426 
1673 hippocoonides H?H"L 11 0 0 4 8 0 
hht+ 
leighi 
1719 ie etna 1547 3 0 0 0 1 1 
in ancestry 
1848 leighi male carrying 11 0 1 1 3 2 
1719 trophonius 
1854 leighi male carrying 47 0 14 12 7 14 
HLh trophonius 
2005 leighi male carrying 14 0 7 5 7 2 
HUh trophonius 
2012 trophonius male carrying 7 0 2 0 0 3 
HTh leighi 
2038 leighi 1824+ 1 0 1 0 0 2 
HAvh 
2072 leighi 1824+ rf 0 2 2 2 2 
1854 
2099 salaami hh 3 0 0 5 6 0 
1854 
2108 salaami Heh or 27 0 0 23 9 0 
1854 H¢He 
2118 leighi 1824+ 1 0 0 0 0 1 
1854 
2200 salaami hh a0 0 0 1 2 0 b 
2005 
2223 salaami hh 9 0 0 + 5 0 
2012 
2286 leighi male carrying 20 0 0 4 7 7 
1960t trophonius 





* See also Table 1. 
+ See text on allelomorphism. 
t See also Table 6. 








1354 Cc. A. CLARKE AND P. M. SHEPPARD 


TABLE 5 


Totals of salaami broods showing expected 1:1:1:1 ratio on the hypothesis that f. salaami 


is the heterozygote between f. leighi and f. trophonius 





























Brood leighi trophonius salaami cenea hippocoonides 
1426 + 1 6 0 0 
1458 6 3 2 2 0 
1719 1 0 1 0 0 
1848 3 1 2 0 1 
1854 7 12 14 0 14 
2005 7 5 2 0 7 
2012 0 0 3 0 2 
2038 0 0 2 0 1 
2072 2 2 2 0 Z 
2286 7 4 7 i ah 
Total 37 28 41 29 
TABLE 6 
Dominance relationships of f. natalica 
Form of mother Origin of father hippo- tro- Atypical 
and genotype and genotype cenea  coonides phonius natalica leighi trophoniust 
Brood no where known where known Males females females females females females females 
1743 natalica HTh 8 0 4 3 4 0 2 
Hh 
1758 natalica hh 6 0 0 0 12 0 0 
Hrapf{na 
1930 natalica/trophonius Hth 0 0 0 1 0 0 0 
1743 H.¢*AT or hh* 
1960 natalica AXh 35 0 14 0 6 30 0 
Heh 
1967 natalica Heh 3 0 0 2 1 0 0 
HHT 1743 or hh 
1987 trophonius 1758 25 0 6 8 7 0 3 
HTh 1743 
2120 cenea hh 12 + 0 0 7 0 0 
HeHne 
2208 leighi hh 58 0 0 0 28 31 0 
H“H™ 1960 
2379 trophoniust+ 2208 10 0 3 6 4 0 2 


2223 





* Not carrying either trophonius or natalica. 
+ See Table 4 
t See text. 
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3. natalica is dominant to hippocoonides and recessive to cenea and leighi but 
produces an intermediate form with trophonius. 

4. leighi is dominant to hippocoonides, natalica and nearly always to cenea, but 
it forms an intermediate (salaami) with trophonius. 

5. trophonius is dominant to hippocoonides and cenea, but forms an intermediate 
with natalica and leighi. 


Allelomor phism 


The data taken as a whole suggest that hippocoonides, cenea, leighi, trophonius 
and natalica are all allelomorphs of one another. Thus in no instance has any 
female mated to a male known to be homozygous for hippocoonides (which is 
recessive to all other forms) or a male mated to a hippocoonides female produced 
more than two forms among its offspring, whereas more than two forms have 
appeared in many other broods. Such are 1020, 1176, 1192, 1743, 1848, 1854, 
1987, 2005, 2072, details of which are shown on the tables. There are also many 
others which can be seen in the completed data, e.g. 1328, 1514, 1747, 1819, 1826, 
1831, 1928, 1945, 2047, 2188. Secondly, if we discount salaami and trophonius 
with a buff apical patch (which are probably heterozygotes) more than three 
forms are never found within one brood. Finally including salaami and buff 
tipped trophonius we never find more than four forms in any one brood. That is 
to say we sometimes find cenea, trophonius, leighi and salaami or hippocoonides, 
trophonius, leighi and salaami, but never both hippocoonides and cenea with 
trophonius, leighi and salaami (Tables 2 and 4). This last combination could 
appear within one brood if the genes are not allelomorphs, but cannot occur if 
they are. However, the hypothesis that the forms are controlled by allelomorphs 
rests on a firmer foundation than this. Brood 1705 (Table 3) which was from a 
trophonius mother known to be heterozygous for cenea and mated to a male 
which was homozygous for hippocoonides gave six female cenea and six female 
trophonius. On the hypothesis that cenea and trophonius are not allelomorphs 
all the six trophonius females should be heterozygous for cenea as no hippo- 
coonides appeared among the six non-trophonius offspring. Therefore (again on 
the hypothesis) all the trophonius should also be heterozygous for cenea. If, how- 
ever, trophonius and cenea are controlled by allelomorphs (calling that produc- 
ing hippocoonides h, that for cenea H° and that for trophonius H"), the female 
parent would have been H‘°H*’ and the male parent hh. Consequently, the off- 
spring would be H°h (cenea) and H*h (trophonius). Thus, unlike the results if 
the forms are controlled by independent loci, none of the trophonius should be 
carrying the gene producing cenea. Brood 1824, (Table 3) in which a male of 
this brood (carrying trophonius) was mated to a female heterozygous for 
trophonius, produced 36 female trophonius and six female hippocoonides thus 
demonstrating (P<0.05) that the female from 1705 was not carrying cenea. 
These broods therefore strongly support the view that hippocoonides, cenea and 
trophonius are allelomorphs. 

Brood 1854, (Table 4) segregated in a 1:1:1:1 ratio indicating that the salaami 
were heterozygous for both leighi and trophonius (see above). Two of these 
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salaami mated to hippocoonides males (broods 2099, 2108, see Table 4) produced 
only trophonius and leighi, making it almost certain that leighi and trophonius 
are allelomorphs, (Brood 1673, Table 4 is also consistent with this, the male 
probably being a heterozygote). Were this not so we would expect some cenea 
or hippocoonides to appear among their progeny. The demonstration that one of 
these leighi is not carrying trophonius and that the trophonius is not carrying 
leighi would complete the proof. 

Brood 1960 (Table 6) segregated in a 2:1:1 ratio for leighi, natalica and 
hippocoonides. This demonstrates that the natalica must be heterozygous for 
hippocoonides and the leighi will either be heterozygous for natalica or hippo- 
coonides or both, if these are not controlled by multiple allelomorphs. One of 
these leighi (brood 2208, Table 6) mated to a male homozygous for hippocoonides 
produced 31 Jeighi and 28 natalica and no other form. Consequently the leighi 
cannot have been heterozygous for both natalica and hippocoonides and there- 
fore these forms must be controlled by three multiple allelomorphs. Thus we see 
that the evidence is strongly in favor of hippocoonides, natalica, cenea, leighi 
and trophonius being controlled by allelomorphs which we can call h, H"", H°, H” 
and H’ respectively. 


DISCUSSION 


There is a representative of f. salaami in race dardanus dardanus from South- 
west and Central Africa. This is form niobe, which mimics Bematistes tellus 
Auriv. However, niobe cannot always be a heterozygote between trophonius and 
leighi (or an allied form called planemoides) for it is often at too high a frequency 
for this to be possible. Moreover, the data quoted by Forp show that niobe must 
usually be inherited as a single unit. The most likely explanation to account for 
the genetics of niobe is that the genes that we have been calling allelomorphs are 
really very closely linked and that a crossover between an allelomorph con- 
trolling either leighi or planemoides and one controlling trophonius can give, in 
coupling, a combination which produces niobe. When there is an appropriate 
model, as there is for niobe, the coupling combination is selected for, but when 
there is no such model, as in South Africa, there is no such selection. Moreover, 
in South Africa, planemoides is absent and so only a crossover in a heterozygote 
between leighi and trophonius could give the coupling phase. Such heterozygotes 
will be extremely rare, probably not more frequent than one in a thousand indi- 
viduals, perhaps less. Furthermore, even if a crossover occurs the product is 
unlikely to persist for there is no model to confer an advantage on it. 

The view that the apparent allelomorphism is really due to the presence of 
two or more very closely linked loci controlling color and pattern is consistent 
with what is known about other polymorphisms. The close linkage would be 
expected to evolve even if not initially present if certain combinations of color 
and pattern controlled by separate loci are advantageous, whereas other combina- 
tions are disadvantageous (FisHer 1930; SHEPPARD 1953, 1955; Kimura 1956). 
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SUMMARY 


1. The genetics of all the South African (race cenea) polymorphic female 
forms of Papilio dardanus have been investigated. They are hippocoonides, cenea 
and trophonius which are mimetic, and natalica, leighi and salaami which are 
nonmimetic. 

2. The forms all show sex-controlled inheritance appearing only in the female, 
which, in contrast to the monomorphic, nonmimetic males, are tailless. The genes 
controlling the forms behave as a multiple allelomorphic series. 

3. Salaami is the heterozygote between Jeighi and trophonius. 

Cenea is recessive to the latter form and dominant to hippocoonides and 
natalica. It is also usually recessive to leighi but a modifier has been found which 
causes the dominance to be almost completely reversed so that the heterozygote 
in such broods is similar to cenea but just distinguishable from it. Natalica is 
dominant to hippocoonides and recessive to leighi and cenea, and forms an inter- 
mediate heterozygote (which has no varietal name) with trophonius. 

4. It is suggested that although the forms behave like a multiple allelomorphic 
series they are more probably controlled by closely linked loci and that the 
Central African niobe is controlled by the genes for trophonius and leighi or 
planemoides in coupling. In South Africa, on the other hand, where planemoides 
is absent the genes for trophonius and leighi are usually in repulsion and in the 
heterozygote they give salaami. 
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Neo populations of every Drosophila species which has been studied 

carry genetic loads, consisting of deleterious genetic variants which are 
mostly recessives and are usually concealed in heterozygous condition. Many 
chromosomes in wild populations are lethal, semilethal, or subvital in double dose, 
or they cause sterility of females or of males, slower development rates, visible 
morphological changes, or other variations. Quantitative estimates and com- 
parisons of the magnitudes of the genetic loads have been attempted for two pairs 
of closely related species of the subgenus Sophophora, namely Drosophila pseudo- 
obscura and D. persimilis (DoszHANsky and Spassky 1953), D. willistoni (Pa- 
VAN, Corperro, N. DospzHansky, T. DospzHaNnsky, MALOGOLOWKIN, SPAsSKY, 
and Wepet 1951) and D. prosaltans (DoszHansky and Spassky 1954). Among 
these, D. pseudoobscura seems to carry a somewhat heavier genetic load than 
D. persimilis, although the mutation rates for autosomal lethals are lower in 
pseudoobscura than in persimilis at similar temperatures. D. pseudoobscura is 
geographically more widely distributed. more common, successful, and ecologic- 
ally more versatile than is D. persimilis. As for the other pair, D. willistoni carries 
more lethal, semilethal, and sterility-inducing chromosomes than D. prosaltans. 
Again, D. willistoni is much commoner, more successful, and ecologically more 
versatile than is D. prosaltans (DoszHANsky and Pavan 1950). The published 
data on D. willistoni do not, however, give reliable information concerning the 
frequencies of chromosomes with recessive subvital effects in the natural popula- 
tions of this species. The reason is that no satisfactory method for estimation of 
the frequencies of subvital chromosomes were available when Pavan et al. (1951) 
made their study of this species. A method was evolved by WaLLAcE and MappEN 
(1953), and was used by DoszHansky and Spassky (1953, 1954) for making 
estimates of these frequencies in D. pseudoobscura, D. persimilis, and D. prosal- 
tans. The chief purpose of the study reported in the present article has been to 
obtain comparable data for D. willistoni. 


MATERIAL AND METHODS 


A total of 177 second chromosomes of D. willistoni have been used in this study. 
They were obtained from samples of the natural populations collected in the 
following ten localities: 

(1) Cubatao, Sao Paulo, (2) Angra dos Reis, Rio de Janeiro, (3) Mafra, Santa 
Catarina, collected by Pror. C. Pavan and his collaborators, (4) Palmira, Co- 








1360 C. B. KRIMBAS 


lombia, (5) Llanos near Villavicencio, Colombia, (6) Buenaventura, Colombia, 
collected by Pror. Tu. DopzHansky, (7) Panama, (8) Jamaica, (9) Trinidad, 
collected by Pror. M. WHEELER and Dr. M. Wasserman, of the University of 
Texas, and (10) Tikal, Guatemala, collected by Mrs. SopHrz DospzHansky Cor 
(shown in Table 2). 

The wild flies, or their offspring (the culture being continuously intercrossed 
to avoid inbreeding) were kept at temperature 15°C before being used for the 
experiments. No culture was kept for more than four months (about four gen- 
erations). 

The series of crosses used in the present experiments for analysis of the genetic 
contents of the second chromosomes of D. willistoni were the same as those used 
by Pavan et al. (1951). One or more wild males were crossed to females homozy- 
gous for the recessive marking genes abbreviated and brown (abb bw). A single 
male from each F, culture (heterozygous for abb bw) was crossed to several fe- 
males which had dominant Star (S) and Hook (Hh). recessive abb bw, an in- 
verted section in one second chromosome to suppress crossing over, and a balanc- 
ing recessive lethal in the other second chromosome. In the next generation (F,), 
six to ten females, and a small number of males, showing S and Hk were selected 
and inbred. These parental flies were transferred three times to obtain oviposition 
in fresh culture bottles. The cultures were kept at 25°C. When the F, flies began 
to hatch, four counts were made at three-day intervals. in all the cultures. The 
wild type (non-S, non-Hk) flies appearing in these cultures carry in duplicate 
(are homozygous for) certain second chromosomes derived from the natural 
populations. 

About simultaneously with the above series of crosses, another series of “con- 
trol” crosses were made. For the controls, S Hk/++ females and males from 
different cultures but of similar geographic origin were intercrossed. The wild 
type flies hatching among the progenies are heterozygous for two different second 
chromosomes, derived from different wild progenitors. The control crosses were 
handled exactly like those which were used to produce homozygous wild type 
flies. 

Control crosses—normal viability 


Seventy intercrosses producing heterozygous wild type flies were made. The 
results are reported in the upper line of Table 1. A total of 35,491 flies were 
counted in the control crosses, and 15.555, or 43.83 percent, of them were wild 
type. The viability of these wild type flies is normal by definition (cf. Pavan et al. 
1951; DospzHansky and SpassKy 1953, 1954). Since the expected Mendelian 
ratio of the wild type: S Hk flies is 33.33: 66.67, it follows that the presence of the 
dominant marking genes S and Hk decreases the viability of the flies which carry 
these genes. Table 1 shows also that the mean number of flies per control culture 
was 221.35. 

The control experiment of Pavan et al. (1951) gave results slightly different 
from the present one, since those investigators obtained 39.91 percent of wild 
type flies in the cultures. This is not surprising since Pavan et al. used banana- 
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TABLE 1 


Percentages of wild type flies, average number of flies per bottle, chromosomes or combinations 
tested in controls, quasinormal homozygotes and lethal plus 
semilethal ones, as well as in all homozygotes 











Average no Percentage 
Flies Percent of flies Chromosomes of normal 
counted wild per bottle tested viability 
Controls 35,491 43.83 221.35 70 100.0 
(quasinormal 46,764 35.19 147.98 107 80.28 
Homozygotes 4 lethal 11,837 1.19 134.51 65 2.71 
Total 58,601 22.91 142.88 172 52.27 





agar food in their experiments, which is probably more favorable for D. willi- 
stoni than is SpassKy’s cream-of-wheat—molasses medium used in the present 
experiments. 

The average percentages of wild type flies in the four counts made in the con- 
trol cultures were 47.54, 46.56, 43.71, and 40.03. These are slightly higher than 
the series of values obtained by Pavan et al. (1951), which were 43.37, 39.01, 
35.33, and 38.76 percentage. 


Lethals and semilethals 


As stated above, a total of 177 wild chromosomes were involved in the experi- 
ments. Of these, 172 experiments were completed successfully. The results are 
summarized in Table 1 and in Figure 1. 

The mean percentage of wild type flies in the control (heterozygous) cultures 
is taken as the standard for normal viability under our experimental conditions. 
This percentage is, as shown in Table 1, 43.83. 

In those cultures in which the wild type flies were homozygous for certain wild 
second chromosomes, the frequency of the wild type class varied from zero to 48 


40 
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.20 
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Ficure 1.—Distribution of viability frequencies of the wild type class in homozygotes cultures 
(black) and in heterozygotes (crosshatched). 
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percent (i.e.. from zero to 110 percent of normal viability). As can be seen in 
Figure 1, the distribution of the viability frequencies is sharply bimodal. The 
distribution seems to be more or less continuous from zero to 13. percent (zero to 
30 percent of the normal viability). No chromosomes have been found with 
viabilities between 30 percent and 43 percent of normal (producing between 13 
and 19 percent of wild type flies in the cultures). For viabilities from 19 to 48 
percent, the observed distribution is again continuous and normal. For our pur- 
poses we have defined as semilethals those chromosomes which in homozygotes 
cause viability of less than 30 percent of normal. This is somewhat different from 
the conventional definition, in which 50 percent of the normal viability is used 
as the dividing line between semilethal and subvital chromosomes. 

Using these criteria we found that 65 out of 177 chromosomes in our material 
were lethal or semilethal when homozygous (Table 2). No significant hetero- 
geneity between different geographic localities is observed. The percentage of 
lethal and semilethal chromosomes in our material was 36.7 + 3.6, which is not 
significantly different from 41.2 + 1.1 given by Pavan et al. (1951). 


Subvital, normal and supervital chromosomes 


The total number of quasinormal chromosomes adequately tested in our ma- 
terial was 107. Although the observed distribution is continuous, one may dis- 
tinguish subvital, normal and supervital chromosomes. The estimates of the 
relative frequencies of these three classes were made following the method de- 
vised by WALLACE and MappeNn (1953) and used by DopzHansky and Spassky 
(1953, 1954) for D. pseudoobscura, D. persimilis and D. prosaltans, and by Da- 
woop (1958) for natural populations of D. melanogaster. 

The observed variance (o* ) of the viabilities of the +/+ class in the experi- 
mental cultures has evidently three main components. The sampling component 
(«*,) is estimated very easily from the numbers of flies counted in the cultures. 
The environmental component (o°,) is estimated from the results in the three 


TABLE 2 


Number of chromosomes tested 





Tethals and 





Locality semilethals Quasinormals Total 
Palmira 13 10 23 
Llanos 9 22 31 
Angra dos Reis 11 33 44 
Cubatao 18 30 48 
Buenaventura 2 7 9 
Mafra ~ 2 2 
Panama 3 - 3 
Guatemala _ 1 1 
Jamaica 3 3 6 
Trinidad 6 + 10 
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replicate cultures which were raised to test each chromosome or chromosome 
combination. Subtracting the sampling and the environmental variance from the 
total variance observed, we obtain the residual, or genetic, variance, o*,. The 
estimates obtained for the experimental cultures in which the +/+ class was 
homozygous, and for the control cultures, in which this class was heterozygous, 
are listed in Table 3. 

The observed total variance is greater for the homozygotes than for the hetero- 
zygotes, and the difference is due largely to the real or genetic variance which is 
more than twice as large for the homozygotes. Following WaLLAcE and MappENn, 
the subvital chromosomes are defined as those with viabilities less than the normal 
one minue 2e, for the control distribution. Correspondingly, the supervital chro- 
mosomes exceed the normal viability by more than 20, for the control distribu- 
tion. Applying these definitions to our data, the frequency of subvital chromo- 
somes among the quasinormal array turns out to be 71.9 percent, of the normal 
28.0 percent, and of the supervital chromosomes 0.1 percent. 

Table 4 shows a comparison of the available estimates of the frequencies of 
subvital chromosomes among the quasinormals in different species of Drosophila. 
It should be noted that the third chromosome of D. prosaltans is homologous to 
the second chromosome of D. pseudoobscura and D. persimilis, while the second 
chromosomes of D. prosaltans, D. willistoni and D. melanogaster are homologous 
to the sum of the third and fourth chromosomes in D. pseudoobscura and D. per- 
similis (DoszHANsky and Spassky 1953. 1954). Despite the experimental errors 


TABLE 3 


Estimates of the components of the variance of viabilities 











o o”, co", Wes eo; oy 
- 
Homozygotes 32.35 6.21 6.79 13.00 19.35° 4.40 
Controls 19.18 5.63 5.80 11.43 7:75 2.78 
TABLE 4 


Percentage frequencies of subvital chromosomes in five species 








Species Chromosome Subvital 
prosaltans third : 14.5 
pseudoobscura second 93.5 

89.6 
persimilis second 84.4 
prosaltans \ second 33.4 
willistoni second 2s 71.9 
pseudoobscura third + fourth 97.3 

98.5 
persimilis third + fourth 99.5 : 


melanogaster second 26.1-66.6 
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being very considerable, it is evident that D. prosaltans carries fewer subvital 
variants in its chromosomes than do the other species. 


Variability and viability 

As indicated above, the quasinormal homozygotes and controls were tested 
generally in three replicate cultures. The variation between the percentages of 
the wild type class in the replicate cultures is due to sampling errors and to micro- 
environmental variations. The question arises whether the variance due to the 
environmental variations (o*, in Table 3) shows any relationship to the observed 
viabilities of the chromosomal heterozygotes and homozygotes. 

The coefficients of variation, C.V. = 100 «,/m, were computed for each chromo- 
some or chromosome combination, using the mean viability, m, which is the 
mean percentage of wild type flies in the cultures. Coefficients of correlation were 
calculated between the C.V. and the m values. Similar calculations were made 
for the second chromosome of D. prosaltans using the data of DopzHaNnsky and 
Spassky (1954), kindly furnished by them for this purpose. The values obtained 
are shown in Table 5. It can be seen that for the homozygotes the correlation is 
negative, i.e., the chromosomes which lower the viability tend to show a higher 
variability. The correlation coefficient is however not significant for D. prosaltans, 
while it is significant for D. willistoni. The correlation coefficients obtained for 
the control experiments (heterozygotes) are not significant. 


Viability effects of the chromosomes in homozygous and heterozygous condition 


One of the disputed problems in population genetics at present is to what ex- 
tent the genetic loads in Mendelian populations are maintained by recurrent mu- 
tation and by balanced polymorphism. If the genetic load is chiefly mutational, 
one would expect a positive correlation between the viabilities of the heterozy- 
gotes and those of the homozygotes for the respective chromosomes. If the genetic 
load is balanced, one expects no correlation or even a negative one. 

Figure 2, constructed as a correlation table, shows the viabilities of the hetero- 
zygotes on the ordinates and of the homozygotes on the abscissae. (The viabilities 
of the homozygotes entered in this figure are the arithmetic mean of the viabilities 
of the two chromosomes involved). The coefficients of correlation, computed for 
the second chromosomes of D. willistoni and D. prosaltans, are as follows: 


D. willistoni — 0.02 + 0.12 
D. prosaltans +0.25+0.12 


TABLE 5 


Coefficients of correlation between coefficients of variation and viabilities 





Quasinormal 
homozygotes Heterozygotes 


D. willistoni — 0.28 + 0.09 + 0.15 + 0.11 
D. prosaltans — 0.08 + 0.08 + 0.10 + 0.11 
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Ficure 2.—Correlation between viabilities of the wild type class in heterozygotes and corre- 
sponding homozygotes cultures. Further explanations in the text. 
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A significant, though small, positive correlation is observed in D. prosaltans, 
but no correlation in D. willistoni. Taken at face value this would mean that the 
genetic load is mainly mutational in D. prosaltans and mainly balanced in D. 
willistoni. 


DISCUSSION 


Table 6 summarizes the available data concerning the frequencies of lethal, 
semilethal, subvital, and sterility-producing homologous chromosomes in several 
species. The data for D. melanogaster, which is a commensal species, have been 
omitted. It is easy to see that the population of D. willistoni from the central part 
of its geographic distribution, and those of D. pseudoobscura and D. persimilis 
carry heavier genetic loads than the marginal populations of D. willistoni and 
those of D. prosaltans. 

Morton, Crow and Mutter (1956) tried to distinguish between the muta- 
tional and the balanced genetic load with the aid of the following method. They 
assume that the unfixed genes are represented in the populations usually by only 
two alleles. If the genetic load is balanced, the adaptive values of the homozy- 
gotes are 1 — s and 1 — t, while that of the heterozygote is unity. On these as- 
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TABLE 6 


Percentage frequencies of lethal plus semilethal, subvital, sterility-inducing 
chromosomes in different species of the subgenus Sophophora 











Lethal and Sterile Sterile 
Species Locality semilethal Subvitals females males 
D. willistoni* Central (Brazil) 41.24 1.1 — 12.6 20.1 
D. willistoni* Central (Brazil) 36.7 + 3.6 71.9 as -- 
D. willistonit Marginal (La Plata) 33.4 + 2.6 — — — 
D. willistoni* Marginal (Rio Grande 32.2 + 1.6 -- — _— 
do Sul) 
D. willistoniS Marginal (Florida) 31.1 + 4.4 — 10.2+3.4 70.9+5.1 
D. willistoniS Marginal (Cuba) 36.0 + 9.5 — small number of flies 
tested 
D. prosaltans|| Brazil 32.6 + 2.7 33.4 922-22 110224 
D. pseudoobscura¥ California 44.4482 973—98.5 173458 21.1468 
42.9+7.8 
D. persimilis** California 48.0 + 6.7 99.5 30.0+65 22.8+5.6 





* Pavan et al. 1951. 

+ Krimsas apg study). 
+ +C ORDEIRO et al. 1958 

TowNnseNnp 1952. 

ie AVALCANTI 1950; DoszHansky and Spassxy 1954. 
© DoszHansky and Spassxky 1953, and DoszHansky et al., unpublished. 
** Dosznansky and SpassKky 1953. 


sumptions, the population at equilibrium suffers a loss of fitness approximately 
st/(s +t), whereas if the population is made completely homozygous the loss of 
fitness becomes 2st/(s +t). The ratio of the two values is two. Since the few 
data for human populations lead to estimates of a ratio of 10 to 25, Morton et al. 
infer that the genetic load is in the main mutational. This inference is not justi- 
fied if the variable genes are respresented by more than two alleles per locus. 


Suppose that a locus is represented in a oe by 7 alleles, with equilibrium 
frequencies Bi, D2, ... Pi, . . . Pn, Where =p = 1. Assuming that all the hetero- 


i= 
zygotes have a fitness equal to unity, and the fitnesses of the homozygotes are 











respectively 1 —s,, 1 —s2,...;,1—Sn, (O<s;<1) we will have the equilibrium 
condition: 
(1) Pass a Pass, PES _ Pu Se BO _ So 2g, 
Pr Pz Pi Pn Pi oe 


which is the genetic load in the panmictic population. On the other hand it is 
clear that 

n 

2, Pisi 


Psi *s, 


MpiSi _ 
(2) aime = piSi = Pri = P2S2 = = - 


From (1) and (2) 








or 
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t : Pi'Si 


The ratio of these genetic loads is equal to the number of alleles n. If we consider 
more than one locus the treatment is difficult, because of the epistatic interactions. 
The test proposed by Morton et al. gives accordingly ambiguous results. 

It has been pointed out by several investigators (DospzHANsKy and WALLACE 
1953; DoszHansky, PAvLovsky, Spassky and Spassky 1955) that the heterozy- 
gotes for “wild” chromosomes tend to be better buffered against changes in en- 
vironmental conditions than the corresponding homozygotes. Indeed, our data for 
D. willistoni give a mean coefficient of variation for the survival rates of the 
homozygotes equal to 10.20 + 1.09; the corresponding mean for the heterozygotes 
is 7.34 + 0.87; the difference, 3.36 + 1.40, is significant at between the 5 percent 
and 2 percent levels. It should be noted that, as shown above, the mean viability 
of a homozygote is negatively correlated with the coefficient of variation of its 
viability in different environments. The mean viability of the quasinormal homo- 
zygotes is lower than that of the control heterozygotes. If we compare the coeffi- 
cients of variation in the homozygotes producing more than 34 percent of wild 
type flies in the cultures, with that for the heterozygotes, the difference is no 
longer significant (9.85 and 7.34 respectively, a difference of 2.51 + 1.51). The 
situation in D. prosaltans is as follows: the mean coefficient of variation for the 
quasinormal homozygotes is 7.32, and for the heterozygotes 6.30, an insignificant 
difference of 1.02 + 1.03. 

It is interesting to compare the population structures in D. willistoni and in 
D. prosaltans, as revealed by our data. As shown above, the genetic load is 
greater in the former than in the latter species. In D. willistoni, the viability and 
the variability of the quasinormal homozygotes are negatively correlated; in 
D. prosaltans there is no correlation. In D. willistoni, the viability of a heterozy- 
gote shows no correlation with the viabilities of the corresponding homozygotes, 
but in D. prosaltans an apparently significant positive correlation is observed 
These differences are consistent with the supposition that the genetic load in 
D. willistoni is predominantly a balanced load, and in D. prosaltans a mutational 
load. In turn, this is consistent with what is known concerning the reproductive 
biology of these species (DopzHaNsky and Pavan 1950; DoszHaNnsky and 
Spassky 1954). D. willistoni is. in South America, an ecological dominant, while 
D. prosaltans is a rare and specialized form. In the former species, close inbreed- 
ing is probably much less frequent than in the latter. Natural selection would, 
then, be expected to act differently in the two species. In D. willistoni the genetic 
contents of chromosomes are selected according to the fitness they confer on 
heterozygous individuals, while in D. prosaltans the fitness of the homozygotes 
is also important. Studying the allelism of autosomal lethals found in natural 
populations, Pavan and Knapp (1954) concluded that the genetic population, 
sizes in D. willistoni (excepting certain island populations) may be considered 
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effectively infinite. Corresponding data are, unfortunately, not available for 
D. prosaltans, but the known features of its ecology suggest that the genetically 
effective size of its population may, on the average, be small. We can conclude 
that the genetic structure of the population in D. willistoni is closer to that 
postulated by the balance theory, while in D. prosaltans it is closer to what the 
classical theory of the genetic structure leads one to expect. The genetic popula- 
tion structure is interrelated with the reproductive biology of the respective 
populations. 


SUMMARY 


The concealed genetic variability in natural populations of Drosophila 
willistoni has been examined. The frequencies of chromosomes which are lethal, 
semilethal or subvital when homozygous, or which produce sterility of females 
or of males, are much higher in D. willistoni than in D. prosaltans. In D. 
willistoni, the viability of quasinormal homozygotes shows a negative correlation 
with the environmental sensitivity of these homozygotes; such a correlation is 
absent in D. prosaltans. On the other hand, the correlation between the viabilities 
of the heterozygotes and the corresponding homozygotes does not differ from zero 
in D. willistoni, while it is positive in D. prosaltans. These differences may be 
related to the differences in the reproductive biology of the two species, since 
D. willistoni is a common, successful, and ecologically versatile form, while D. 
prosaltans is rare and probably specialized ecologically. It may be inferred that 
the relative importance of the mutational component of the genetic load is greater 
in D. prosaltans than in D. willistoni, while that of the balanced component is 
greater in D. willistoni than in D. prosaltans. 
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HE reactivation by visible light of conidia of Streptomyces griseus inactivated 

by ultraviolet irradiation was first observed by KELNER (1949). The phenom- 
enon, photoreactivation, was later observed in several other organisms such as 
bacteriophages (DuLBEecco 1950), bacteria and fungi of the genera Penicillium 
and Neurospora (KELNER 1952). 

Reactivation of cells inactivated by ultraviolet irradiation was also obtained by 
means of pyruvic acid and other acids of the Krebs cycle (THompson, MEFFERD 
and Wyss 1951; Hernmets et al. 1954). Up to the end of 1957, to the present 
authors’ knowledge, no case had come to light of the reactivation of cells inacti- 
vated by chemical mutagens. At that time it was observed, again by chance 
(SermMonti and Morpurco 1958), that manganous chloride brought about reac- 
tivation in conidia of Penicillium chrysogenum inactivated by nitrogen mustard 
(HN-2). Some of the first results concerning this effect, chemoreactivation, are 
described at length in this paper. 


MATERIALS AND METHODS 


Strains: The greater part of the work was carried out on a pyridoxine requiring 
heterozygous diploid strain of Penicillium chrysogenum, XXXIV S (SERMONTI 
and Morpurco 1958). Other haploid and heterozygous diploid strains of Penicil- 
lium chrysogenum were used in particular experiments. Experiments were also 
carried out on a heterozygous diploid strain of Saccharomyces cerevisiae kindly 
provided by Proressor G. Macni of the University of Pavia, Italy, and on a 
heterozygous diploid strain of Aspergillus nidulans kindly provided by PRoFEssor 
G. Pontecorvo of the University of Glasgow, Scotland. 

Media: The complete medium used for all the molds was based on corn steep 
liquor (SERMOoNTI 1957), while the medium used for S. cerevisiae was based on 
yeast extract, peptone casein hydrolyzate, and vitamins. Some experiments were 
carried out with Czapek-Dox’s minimal medium. 

Nitrogen mustard treatment: Methyl]-bis($-chloroethyl)amine (HN-2) was 
used (6.5 mM) in an aqueous solution of sodium carbonate (3.15 percent, w./v.). 
Treatment of the conidia was terminated by diluting the suspensions ten times 
in a decontaminating solution (0.6 gm glycine, 0.7 gm NaHCO,, 1 liter distilled 
water). Details of the procedure are described elsewhere (Morpurco and SER- 
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MONTI 1958). Mutagenic treatment in some cases was performed with X-ray 
or ultraviolet irradiation (SERMONTI and Morpurco 1958). 


RESULTS 


If conidia of Penicillium chrysogenum are treated with HN-2 and then plated 
on complete agar supplemented by manganous chloride (MnCl.-4H.O) their 
survival rate is regularly higher than that of treated conidia plated on the same 
medium in the absence of the salt. Whether or not the salt is present, conidia 
which do not give rise to colonies produce twisted and overbranched promycelia, 
no more than 100 microns long. A similar picture is shown when conidia are inac- 
tivated by X-rays. 

Reactivation by different doses of MnCl,. (Figure 1): Several series of Petri 
dishes were plated with conidia of strain XXXIV S, treated with HN-2 so as to 
obtain a survival rate of about one percent on complete medium. Each series 
of dishes contained complete agar supplemented with a_ different dose of 
MnCl.:4H,O, ranging from zero to 50 mM. Parallel series were plated with 
untreated conidia of the same strain. 

The appearance of colonies derived from both treated and untreated conidia 
was increasingly delayed with increasing doses of MnCl.; whereas in the absence 
of the salt colonies became visible after two days’ incubation at 27°C, they 
appeared in the presence of MnCl, (40 mM) after four or five days, with a much 
reduced rate of growth. Sporulation, however, was relatively unaffected. In the 
case of untreated conidia, the number of colonies per dish noticeably decreased 
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Ficurz 1.—Survival of treated (HN-2) and untreated conidia of diploid XXXTV S at different 
concentrations of MnCl, (4H,O) in the agar. 
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at the higher doses of MnCl. in the agar (40-50 mM). In the case of conidia 
previously treated with HN-2 the number of colonies per dish increased consider- 
ably with increasing doses of MnCl.. At doses higher than 50 mM growth was 
practically suppressed. There was a certain variation from experiment to experi- 
ment in the maxima of the survival curves due to conditions which have not yet 
been brought under control. 

Reactivation at different HN-2-inactivation levels (Figure 2): Differences 
in the intensity of the HN-2 inactivation were obtained by varying the length 
of time, from the moment of addition of the mutagenic agent to the moment of 
decontamination, spent by the conidia in the HN-2 solution. The strain employed 
was XXXIV S. MnCl, was added to the medium at a concentration of 40 mM. 
The degree of reactivation, i.e.. the number of reactivated conidia H x percent 
of treated conidia, decreased as the degree of inactivation increased (Table 1). 
In some cases where less than 95 percent of the spores were inactivated, the 
number of colonies obtained from platings of treated and untreated conidia on 
MnCl,-containing medium was approximately the same (Figure 2). 

Increasing the degree of HN-2-inactivation increases the reactivation ratio, 
i.e., the ratio between colonies growing from platings of the same conidial suspen- 
sion in the presence and in the absence of MnCl.. 

Reactivation of diploid and haploid strains (Table 1, Figures 2 and 3): The 
first observations on the phenomenon of chemoreactivation (SERMONTI and 
Morpurco 1958) suggested that there was a considerable variation in the effec- 
tiveness of reactivation with the ploidy of the strain used, the degree of reactiva- 
tion being much higher with diploid strains. A number of haploid and heterozy- 
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Ficure 2.—Reactivation by Mn** (40 mM) of conidia treated with nitrogen mustard (HN-2) 
Strain: diploid XXXIV S. 








1374 G. MORPURGO AND G. SERMONTI 


TABLE 1 


Reactivation by MnCl, (40 mM) in diploid and haploid strains of Penicillium chrysogenum 





Percent 
survival after Average number 
IIN-2 treatment of colonies per dish 


Strain without without with Reactivation Percent 
| >. i107 








code Ploidy MnCl, MnCl, MnCl, ratio} reactivation? 

XXIX diploid 0.73 31.5 363.6 11.6 7.74 
0.07 3.1 101.7 32.6 2.21 
XL diploid 0.90 90.0 1.036.0 11.5 9.45 
0.16 16.5 587.0 35.6 5.54 
XXXIV 5S diploid 6.00 507.0 42.5 100* 8.4 44.40 
2.77 234.3 40.3 x 100* 172 44.87 
1.61 136.0 83.3 x 20* 12.2 18.03 
0.58 49.0 78.2 20* 31.9 17.92 
0.46 34.0 53.8 10* 15.8 6.81 
31 py haploid 0.08 10.3 36.06 3.5 0.20 
0.015 1.7 5.25 3.0 0.03 
203 pr haploid 1.08 7.1 9.4 1.3 0.32 
5 haploid 1.92 182.0 534.0 2.9 3.65 
206 pr haploid 3.01 376.6 60.2 10* 1.6 1.81 
2.09 262.0 40.7 x 10* 1.6 1.25 
1.18 147.3 16.4 10* id 0.12 
0.77 96.2 21.8 10* 2.3 1.00 

“In some experiments the MnCl, supplemented agar was plated with a more dilute conidium suspension than the 


unsupplemented agar. In the case of these dishes, the average is shown as the actual figure multiplied by the dilution factor. 
; Average number of colonies per MnCl, supplemented dish divided by average number per unsupplemented dish. 
Reactivated conidia percent of treated conidia. 
30 mM of MnCl. 


gous diploid strains (PonTECoRVo and SERMONTI 1957) were treated with HN-2 
and reactivated with MnCl.. Diploid strains showed a much higher ratio and 
degree of reactivation than haploid. 

Persistence of spore reactivability: Experiments were carried out to determine 
how long the capacity for reactivation persists in the spores after inactivation. 
A suspension of spores treated with HN-2 which was diluted in the usual way in 
the decontaminating solution, gave a survival rate on complete medium of 1.3 
percent. A sample of the suspension was plated on complete medium and another 
on complete medium supplemented with MnCl. (40 mM), and the remainder of 
the suspension was kept at + 5°C. After three weeks two more samples of the 
same suspension were plated on the two media. The first pair of samples produced 
108 + 8 and 755 = 16 colonies per dish on unsupplemented and supplemented 
medium respectively, and the second produced 235 + 14 and 710 + 69. The 
proportion of spores capable of reactivation by MnCl. had thus not significantly 
altered during the storage period. 

In another experiment, the HN-2 treated spore suspension was incubated in 
liquid nutrient medium in optimum growth conditions; samples of the suspen- 
sion were taken at intervals and plated on complete agar in the presence and in 
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Ficure 3.—Reactivation by Mn** (40 mM) of conidia treated with nitrogen mustard (HN-2). 
Strain: haploid 31 py. 


the absence of MnCl.. The liquid medium contained eight percent corn steep 
liquor and six percent dextrin, and was used in quantities of 20 ml in 100 ml 
flasks shaken on a rotary shaker at 24°C. Incubation was discontinued after nine 
hours, since by this time germination of the conidia had started and they could 
form clusters and stick to the walls of the flasks. No significant change in the 
number of spores reactivable by MnCl. (17.4 + 1.7 percent in five samples) 
was observed throughout the whole of the preincubation period. Thus three weeks 
of storage in distilled water at 5°C on the one hand, and nine hours of preincuba- 
tion in a fermentation broth on the other, represent the maximum periods of 
persistence of reactivability so far established. 

Duration of contact with MnCl, required for spore reactivation (Figure 4): 

If colonies from HN-2 treated conidia grown on MnC\l, are point-transferred on 
to medium where the salt is absent, they resume normal growth and once more 
reach the normal colony size of the strain concerned (SERMoNtTI and MorpurGco 
1958). This implies that once reactivation has taken place the presence of MnCl, 
is no longer required by the reactivated clones. It seemed of interest to determine 
how long a contact with MnCl. was required by the spores for reactivation to 
take place. The experiment devised was as follows. 

A number of Petri dishes of eight cm diameter were filled with complete agar 
supplemented by MnCl. (40 mM). The agar in each dish was then covered with 
a cellophane film disc covering the whole surface. Some of the dishes were then 
plated with an HN-2 treated spore suspension, and the remainder, as a control, 
with an untreated suspension. Beginning immediately after plating, the cello- 
phane disc was removed from each of a series of dishes at regular intervals of 
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Ficure +.—Survival of treated (HN-2) and untreated conidia of diploid XXXIV S after dif- 
ferent exposures to agar supplemented by MnCl. (4H.O) (40 mM). The conidia are transferred 
from supplemented to unsupplemented agar on a disc of cellophane (see text). 


time, transferred first on to Petri dishes containing complete medium and then, 
after at least half an hour, onto fresh dishes of the same medium. The object of 
this double transfer was to remove the MnCl. from the cellophane discs. Thus the 
conidia and microcolonies which grew on top of the cellophane where they had 
been in contact with MnCl., continued to grow in the absence of the salt. Results 
of a typical experiment are given in Figure 4. Reactivation of the treated spores 
increased with continued contact with MnCl. up to about the 20th hour. Further 
contact produced no further reactivation. Under the same conditions, no con- 
sistent effect was observed on the survival rate of untreated spores due to con- 
tinued contact with MnCl. up to about 33 hours. An interesting point is that 
contact of the conidia with MnCl. for this period does not affect either the time 
of appearance or the subsequent growth of the colonies, which from this point of 
view are no different from colonies which have never been in contact with 
MnCl,. The experiment described in Figure 4 was repeated three times with con- 
sistent results. The halting of the reactivation process between the 8th and the 
12th hour was observed every time (Figure 4). It may be concluded that, under 
the experimental conditions described, the reactivation process takes about one 
day from seeding of the treated spores in the presence of MnCl.. and that no 
further reactivation due to the presence of MnCl, in the medium takes place after 
this time. 

Action of MnCl, on irradiated spores (Figure 5): The results of a typical ex- 
periment with X-ray irradiation is illustrated in Figure 5. Conidia of strain 
XXXIV S were given varying exposures to X-ray irradiation and plated in the 
presence and in the absence of MnCl.. No reactivation due to the salt was ob- 
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served. Conidia inactivated by ultraviolet irradiation (SERMoNnTI and Morpurco 
1958) were also not reactivated by MnCl.. 

Action of other bivalent cations on HN-2 inactivated conidia (Figure 6): Some 
other bivalent cations were tested as C] salts under the same conditions in which 
Mn++ produces reactivation, at different concentrations dictated by considera- 
tions of toxicity. 
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Ficure 5.—Survival of conidia of diploid XXXIV S after different exposures to X-rays, in the 
presence of MnCl, (4H,O) (40 mM) and in its absence. No reactivation by Mn’** is observed. 
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Ficure 6.—Survival of treated (HN-2) and untreated conidia of diploid XXXIV S on agar 
media supplemented by different concentrations of several salts, added as chlorides. 
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Mgt +: Less toxic than Mn++; produces no inactivation on untreated conidia 
at any of the doses used. At higher concentrations it causes a progressive de- 
crease in the size of the colonies. It is the best reactivating agent, after Mn++, of 
all the ions tested. 

Zn**+: Highly toxic. The behavior of this ion is apparently paradoxical. At 
concentrations up to six mM it has no effect on the size of the colonies, and only 
slightly affects sporulation. At these dosages there is a slight increase in the 
number of colonies produced by treated conidia, and a slight decrease in the 
number of colonies produced by untreated conidia as compared in each case with 
the numbers produced on unsupplemented medium. At ten mM, it produces a 
slight reduction in the size of the colonies and further depresses sporulation, side 
by side with a dramatic reduction in the survival rate of the untreated conidia 
and an appreciable increase in that of the treated conidia. 

Ca++: Morphology and size of the colonies unaffected, except (slightly) at 
concentrations of 200 mM. The highest dose produced a slight reactivation of 
treated spores. A slight lowering of the survival rate of treated conidia was ob- 
served in some experiments at concentrations of Ca++ in the agar around 50Mm. 

Reactivation by MnCl, on minimal medium: The inhibitory action of MnCl, 
on the growth of Penicillium is stronger on minimal than on complete medium, 
and for this reason it was used at lower concentrations (15 mM) in the reactiva- 
tion experiments on minimal medium. Reactivation of HN-2 treated conidia of 
strain XXXIV S was observed on pyridoxine-supplemented minimal medium 
with a reactivation ratio similar to that obtained by plating the same conidial 
suspension on a complete medium (40 mM MnCl.) also supplemented with 
pyridoxine (160.4 + 13.1/19.8 + 3.1 on minimal medium as compared with 
606.6 + 63.6/66.2 = 6.0 on complete medium. 200,000 conidia per dish). Storage 
overnight of HN-2 treated conidia of P. chrysogenum in distilled water in the 
presence of MnCl.,-4H-O concentrations up to ten percent (w./v.) produced no 
significant increase or decrease in vitality. 

MnCl, reactivation in other microorganisms (Table 2): Preliminary experi- 
ments were carried out on other genera of Eumycetes. The phenomenon of re- 
activation in the presence of MnCl, after inactivation by HN-2 occurred in both 


TABLE 2 


Reactivation by MnCl, in heterozygous diploid strains of Saccharomyces cerevisiae 
and Aspergillus nidulans 








Colonies per dish Colonies per dish 
(untreated IIN-2 treated 
Dilution Percent “Pienctteatton Percent 
Species MnCl, conc. factor) (No.) No. survived | * ratio reactivation 

S. cerevisiae ake’ 20 614+ 49 102.2 +28 8.3 ne oe 
20 mM 20 «443.7 + 12.6 262.0 = 7.8 30.0 3.6 21.7 

A, nidulans aes SS 1372 30 8.4 + 0.7 1.2 ah wes 
40 mM OD M3 42 45.5 + 6.0 5.6 +.7 1.4 





* Percent of the untreated conidia growing on the same supplemented medium. 
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diploid conidia of Aspergillus nidulans and diploid cells of Saccharomyces 
cerevisiae. 

MnCl, reactivation has been observed in Escherichia coli K12 and its non- 
occurrence in B. megatherium, by Dr. M. Princivaute of this Institute (Personal 
communication ). 


DISCUSSION 


A clear reactivating effect of MnCl. on nitrogen mustard (HN-2) inactivated 
conidia is established by the results presented in this paper. It would be premature 
to offer any explanation of the processes involved, but certain aspects call for 
discussion since it is possible they may provide a clue to its elucidation. 

MnCl, reactivates conidia which in its absence would not produce more than an 
abortive promycelium, so that it must act on the conidium in the resting state or 
during germination. The continuous increase in the number of conidia reacti- 
vated in the first 20 hours suggests that the reactivation operates on each conidium 
as it sets out on a germination process which, in the absence of Mn++, would 
abort. It is noteworthy that HN-2 treated conidia kept in a solution of MnCl. in 
distilled water undergo no reactivation. 

It remains to be determined what type of action Mn++ exerts on the germina- 
tion metabolism. Since germination of the conidia of P. chrysogenum is delayed 
by Mn*+ at reactivating doses, its effect might be thought to be aspecifically in- 
hibitory, i.e., to be the same as that of any other germination inhibitor on 
mutagen treated conidia. DoupNEy and Haas (1958) observed reactivation in 
ultraviolet irradiated cells of E. coli when the cells were incubated after irradia- 
tior in the absence of nitrogen. ALrer and Grixies (1958) and Giiuies and 
ALFER (1959) also observed a reduction in the lethal effect of irradiation in 
E. coli in below optimum growth conditions or with subsequent chloramphenicol 
treatment. No systematic analysis has yet been carried out of the inhibiting effect 
on germination and the reactivating effect of different agents, but the work 
already reported rules out any possibility of a simple relation. 

All the same, it must be considered unlikely that Mn+* is aspecific in its 
action, in view of the wide differences in the effectiveness of reactivation by 
Mn++ with different inactivating agents on the one hand and with different 
strains on the other. Conidia inactivated by HN-2 are the only ones which have 
so far been shown to be reactivable by Mn++; conidia inactivated by X-ray or 
ultraviolet irradiation are not reactivated at all. This contrast is particularly 
significant in view of the close analogy between the modes of action of X-rays 
and HN-2, which is the most radiomimetic of all the chemical mutagens. 

Mn++ is specific in its action from another point of view, in relation to the 
ploidy of the strain. Diploid strains are reactivated about ten times more ef- 
fectively than haploid. No correlation was observed between ploidy and the 
effectiveness of photoreactivation in ultraviolet irradiated cells with haploid and 
diploid yeast cells (WarsHAw 1952). One may explain the effect of plo:dy in 
Mn++ reactivation on the assumption that inactivation is a two-stage affair, with 
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a reversible process overlapped by an irreversible process, which follows im- 
mediately in haploid strains but only after further mutagen treatment in diploid 
strains. The haploid nucleus, certainly, is more exposed than the diploid to the 
lethal action of the mutagen and it may be that the irreversible inactivation takes 
place in the nucleus, while the reversible inactivation is sited in the extranuclear 
material. 

Orv and Danretir (1956) have shown that amoeba cytoplasm is damaged 
lethally by an appropriate exposure to HN-2 (MBA), and that this damage is not 
a result of nuclear damage. They have observed that the presence of a nucleus, 
either during exposure or after exposure. makes no difference to the life of 
amoeba treated with 0.01 percent HN-2. They suggest that the nucleus is 
damaged in two stages; one of which is probably the direct action of HN-2, the 
other is presumably a result of the cytoplasmic damage. 

A reduction in the frequency of chromosome rearrangements due to Mn+ * 
was observed by SERMontTI and Morpurco (1959) in Penicillium chrysogenum 
diploids after HN-2 treatment, but the reduction also occurs after X-ray irradi- 
ation, and in this case it does not accompany any increase in vitality. A restabil- 
izing effect of Mn++ on unstable clones obtained after treatment of heterozygous 
diploids with HN-2 was also observed (S—ERMoNntTI and Morpurco 1959). No 
explanation of the relation between the reactivating and the restabilizing effects 
of Mn++ can yet be offered. 

No clue to the system involved in the HN-2 inactivation and Mn++ reactiva- 
tion processes is given by the results obtained so far, except for the suggestion 
that a cytoplasmic site is involved. The role of Mn++ (or Mg++) in reactivating 
enzymic systems inactivated after incubation of subcellular particles in vitro 
has been shown by several authors. ErNsTeR (1956) demonstrated that the loss 
of phosphorylative capacity in isolated rat liver mitochondria can be restored by 
adding Mn++ to the inactivated system. Mg++ has the same effect to a smaller 
degree. GossELIN and Popsak (1959) have shown that the enzymic activity of 
microsomes in sterol biosynthesis can be restored by the addition of Mn++ ions or 
by an increased concentration of Mg++ after inactivation by aging. In both cases 
the presence of ATP is required. Before attempting any interpretation of the proc- 
ess involved in the reactivation observed by the present authors, work at the 
biochemical level is badly needed. 


SUMMARY 


Conidia of Penicillium chrysogenum inactivated by nitrogen mustard (HN-2) 
are reactivated by the addition of MnCl,-4H.O to the plating agar. Reactivation 
is much more effective in the case of diploid strains than in that of haploid strains. 
The reactivability of treated conidia is unchanged after nine hours of culture in 
the absence of MnCl.. The reactivation process is complete after about one day 
and further contact of the treated conidia with MnCl, does not lead to further 
reactivation. Conidia inactivated by X-ray or ultraviolet irradiation are not reac- 
tivated by MnCl,. MgCl. also has a reactivating effect on conidia treated with 
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HN-2. but is less effective than MnCl.. It is suggested that the site of the inactiva- 
tion-reactivation process is in the cytoplasm. 
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